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The North American Rayon Corporation (NARC) precursor has been developed, qualified, and
characterized for Space Shuttle nozzle carbon-cloth phenolic ablative materials in three distinct phases.
The characterization phase includes thermal and structural material property analysis and comparisons.
This report documents the thermal and structural material property characterization performed by
Southern Research Institute (SRI) on the two NARC baseline and two crossover materials.
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Southern Research Institute (SRI) was selected by Thiokol Corporation to perform thermal and
structural material characterization on four North American Rayon Corporation (NARC) rayon-based
carbon phenolics selected as qualification materials. This testing is outlined in program plan TWR-
18965. The material characterization included fill tension to provide data on yarn response, across-ply
tension, and compression to emphasize yarn-matrix adhesion, nondestructive analysis, thermal
expansion, diffusion, moisture, and volatile content. The four different NARC rayon-based materials
were a combination of different carbonizers (Polycarbon and Hiteo) and prepreggers (Fiberite and B.P.
Chemicals). All of the materials was woven by Highland on their Rapier looms. Each of the four
materials was given an acronym based on the material's weaver, loom, carbonizer, and prepregger.
Acronyms for the materials are as follows:
HRHU = Highland, Rapier, Hitco, U.S. Polymeric
HRPU = Highland, Rapier, Polyearbon, U.S. Polymeric (crossover)
HRHF = Highland, Rapier, Hitco, Fiberite (crossover)
HRPF = Highland, Rapier, Polycarbon, Fiberite
SRI has prepared and submitted to Thiokol Corporation three detailed test reports (one for HRPF, one
for HRHU, and one for HRPU and HRHF) documenting the results of their material characterization
testing for the four NARC rayon-based materials. These reports are presented in Appendixes A
through C. To eliminate redundancy, the SRI report will be referenced frequently throughout this
report. Specific or detailed test data can be found in Appendixes A through C.
1.1 TEST ARTICLE DESCRIPTION
The test item consisted of four different NARC rayon-based carbon phenolics. A detailed description
of the test materials and setups is given in Sections 1.3, 1.4 and 1.5 of Appendixes A through C.
2
TEST OBJECTIVES
The following test objectives were derived from TWR-40188 and Section 1.1 of Appendixes A
through C:
a. "Perform characterization testing on NARC HRPF and HRHU to provide thermal structural data
for design and analysis.
b. Compare NARC HRPF and HRHU of the characterization effort to NARC HRPF and HRHU of
the qualification, development and D5 efforts as well as to the historical Avtex materials.
c. Perform characterization testing to provide comparisons of critical failure modes to NARC HRPF
and HRHU.








Perform characterization testing on NARC
HRPF and HRHU to provide thermal
structural data for design and analysis.
b° Compare NARC HRPF and HRHU of the
characterization effort to NARC HRPF and
HRHU of the qualification, development,
and D5 efforts as well as to historical Avtex
materials.
C° Perform characterization testing to provide
comparisons of critical failure modes to
NARC HRPF and HRHU.
Conclusions
Data obtained. Refer to Section 3.0 of
Appendixes A and B for detailed characterization
results.
Data obtained. HRPF is generally equivalent to
Avtex materials. HRHU is also generally
equivalent to Avtex materials. Refer to Section
3.0 of Appendixes A and B for detailed
comparisons of the NARC rayon-based material
characterization data.
Data obtained. HRHF exhibited equivalent-to
or better-than in-plane properties when
compared to HRPF and HRHU. A similar
conclusion can be reached for HRPU. Refer to
Section 3.0 of Appendix C for detailed
characterization results and comparisons.
4
INSTRUMENTATION
Refer to Section 2.0 of Appendixes A through C.
5
PHOTOGRAPHY
A microscopic analysis of the NARC materials was performed using a Nikon Epiphot stereo
microscope. The micrographs resulting from this evaluation are presented in Section 3.2 of
Appendixes A through C.






6.1 TEST ARTICLE ASSEMBLY
Refer to Sections 1.3, 1.4, and 1.5 of Appendixes A through C for a detailed description of the test
article and setup.
6.2 TEST DESCRIPTION
A detailed discussion of the characterization testing can be found in Section 3.0 of Appendixes A
through C. Conclusions reached as a result of the testing can be found in Section 6.0 of Appendixes
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1.0 INTRODUCTION
This is the final report to Thiokol Corporation on the work performed at SRI
under P.O. Number ORK008. This is Volume IV (Characterization Effort) of the NARC
material evaluation series which covers the HRPF characterization testing.
1.1 Objective
The purpose of this effort was to: 1) perform characterization testing on NARC
HRPF to provide thermal structural data for design and analysis, 2) compare NARC
HRPF of the Characterization effort to NARC HRPF of the Qualification, Development,
and D5 Efforts as well as historical AVTEX materials.
1.2 Material Description
The material evaluated for this volume of the Characterization Effort was
MX4926 (HRPF). The material contains NARC Rayon yams woven by Highland using
a Rapier Loom. The rayon cloth was carbonized by Polycarbon and the carbonized
cloth was prepregged by Fiberite. The prepregs were laid up and cured at Thiokol
Corporation.
1.3 Test Matrix
The test matrix for this effort is shown in Table 1.3-1. All mechanical
specimens designated to be tested in the temperature range of 250 to 1200°F were
conditioned at 105°F/40% RH for approximately three months (i.e., until their weights
stabilized). The data obtained from the Development and Qualification Efforts as well
as the D5 program were included with the results obtained from the Characterization
Effort to provide a larger statistical database.
It was found that two billets were misidentified. Under Task 4, billet BBB-4,
(HRPF) should have been labeled as Task 3, billet AAA-3 (HRHU). Likewise, Task 3,
billet AAA-3 (HRHU) should have been labeled as Task 4, billet BBB-4 (HRPF).
Fortunately, the mistake was discovered before a majority of the specimens had been
tested.
1.4 Specimen Preparation
An important partofthe specimen preparationisindividualspecimen
identification.Each specimen isassigned a unique designation.Each specimen isthen
storedinan appropriatelymarked envelope as soon as itisremoved from thebulk part.
The envelope islabeledwith theprojectnumber, specimen number, materialtype and
specimen location.By maintainingstrictlabelrequirements,the historyofeach
individualspecimen can then be trackedthrough logbooks and through comments and
signatureswrittenon the envelope.
The specimen identificationsystem tobe employed inthisinvestigationisas
follows:
RS - F - I
_-"-- Speclmen Number














DNS -Double Notched Shear
RS -Roumanian Shear
1.9 Cutting Plans
The NARC based carbon phenolicmaterialsused inthe Characterizationeffort
were made in 16" x 15" x 3.5"billets.For each material,fourbilletsand a quarterzone of
an SRM throatringwere fabricated.The billetsforHRPF were identifiedas BBB-4,
BBB-5,BBB-6, and 4581-0004.The specimen blanks were removed from the billetsand
the throatringas illustratedin Figures1.5-Ithrough 1.5-5.
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2.0 TEST PROCEDURES
The procedures for the Characterization Effort tests are provided in the report
entitled "Carbon Phenolic Test Procedures for NARC Materials', report number SRI-




The dimensions and weights were determined on thefullymachined blanks in
order toobtainbulk densities.The mechanicalevaluationtablesincludeindividual
densitiesforeach specimen aswell as theaverage density.
3.1.2 Velocity
The break and peak velocitieswere determined on thefullymachined blanks
inthe testorientation.These velocitesare listedinthe appropriatemechanical tables.
3.1.3 Radiographs
Radiographs were performed for all mechanical specimens. The radiographs




The materialwas microscopicallyinvestigatedusing a Nikon Epiphot stereo
microscope. Samples from each billetwere impregnated and polished forthe fillacross-
ply and warp across-plyorientations.
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The m/crographs, shown in Figures 3.2.1-1 through 3.2.1-12, show very l/fie
evidence of matrix or yarn cracking and no pores, non-uniform ply spacing, or resin
rich zones. Unlike HRHU, the fill and warp yams for HRPF exhibit balanced
amplitudes and crimp angles. This is consistent with the results from the Qualification
Effort in which the materials carbonized by Polycarbon exhibited this same pattern.
The microscopic evaluations are tabulated m Table 3.2.1-1 for the fill across-ply and
warp across-ply orientations.
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3.3 Tension (Warp, Fill, and Across-Ply)
3.3.1 Warp Tension
Warp tension evaluations were conducted at 70, 250, 750, and 2000"F.
Specimens were loaded at a rate of I0 ksi/min. All temperature runs were made at
10°F/sec. Tables 3.3.1-1 through 3.3.14 show the individual results from the
Characterization Effort. These tables also show the individual results from the
Development, Qualification, and D5 Efforts where applicable. The data from all of the
phases, unles noted in the tables, was used to obtain the averages. Figures 3.3.1-1
through 3.3.1-7 display the warp tensile stress-strain responses. Note that these figures
also contain the data from the previous efforts.
Figures3.3.1-1through 3.3.1-3show theaverage ultimatestrength,ultimate
strain,and initialelasticmodulus, respectively,atthe varioustesttemperatures. The
individualstress-strainresponsesareshown inFigures3.3.14through 3.3.1-7.These
evaluationsshow tightgroupings atRT and 250"F and some scatterat750 and 2000°F.
In additiontostress-strainmeasurements, Poisson'sratiowas measured inthe warp-flU
plane atroom temperature using adhesive straingauges. An average value of0.20for
_v12was obtained.
3.3.2 Fill Tension
Filltensilevaluationswere conducted atRT, 250,350,500,600,750,900,
1200,2000,2500,3500,and 4500°F.Specimens were loaded ata rateof10 ksi/min and
alltemperatureruns were made at10°F/sec.The resultsaretabulatedinTables3.3.2-I
through 3.3.2-12and plottedin Figures3.3.2-1through 3.3.2-15.The data from the
previous efforts,where available,isalsoincluded inthesetablesand figures.Figure
3.3.2-16givesthe key tothefailuremodes found inthe tables.
The average ultimatestrengths,ultimatestrains,and initialelasticmoduli for
the varioustesttemperaturesareplottedinFigures3.3.2-Ithrough 3.3.2-3.Figures
3.3.24through 3.3.2-15show theindividualstress-strainresponses. These evaluations
show some scatterattheintermediatetemperatures from 500 to1200°F. Poisson'sratio
was alsomeasured inthe fill-warplane atroom temperature. The average value for
3/21 was 0.20.
3.3.3 Across-Ply Tension
The across-ply tensile evaluations were conducted at RT, 350, 400, 500, 600,
750, 900, 1200, 2000, 2500, 3500, and 4500"F. The across-ply specimens were loaded at a
rate of I ksi/min and, where applicable, heated at 1°F/see. The heating and load rate
were chosen to reduce internal pressures generated during heatup and to compare
against historical data. The results are tabulated in Tables 3.3.3-1 through 3.3.3-12 and
plotted in Figures 3.3.3-1 through 3.3.3-15. The data from the previous efforts are
included where available.
Figures 3.3.3-1 through 3.3.3-3 show the average ultimate strengths, ultimate
strains, and initial elastic moduli for the across-ply tensile evaluations at the various test
temperatures. The individual evaluations are shown in Figures 3.3.3-4 through 3.3.3-15.
These evaluations show good groupings at all temperatures. At 500 and 1200"F,
however, a separation between the Characterization data and D5 data is noticeable.
This could be due to the fact that the D5 data was tested at a load rate of 10 ksi/mm as
opposed to I ksi/min. In addition to stress-strain measurements, Poisson's ratio was
obtained in the A/P-warp and A/P-flU planes at room temperature. The average
values obtained were 0.21 for `'31 and 0.23 for "32"
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3.4 Compression (Warp, Fill, Across-Ply and 45 ° W/F)
3.4.1 Warp Compression
The warp compression evaluations were conducted at RT, 500, 1200, 3500, and
45(_F. The warp compression specimens were loaded at a rate of 10 ksi/min and all
temperature runs were made at 10"F/sec. The results are tabulated in Tables 3.4.1-1
through 3.4.1-5 and plotted in Figures 3.4.1-1 through 3.4.1-8. The key to the failure
modes shown in the tables is given in Figure 3.4.1-9.
Figures 3.4.1-1 through 3.4.1-3 show the average ultimate strengths, ultimate
strains, and initial elastic moduli at the various test temperatures for the warp
compression evaluations. The individual evaluations are shown in Figures 3.4.1-4
through 3.4.1-8. These evaluations show good reproduction with some scatter at 3500
and 4500"F. In addition to stress-strain measurements, Poisson's ratio was measured in
the warp-fill and warp-A/P planes at room temperature using adhesive strain gauges.
An average value of 0.205 for v12 and 0.28 for v13 were recorded.
3.4.2 Fill Compression
Fill compression evaluations were conducted at RT, 350, 500, 750, 900, 1200,
2000, 3500, and 4500°F. The fill compression evaluations were loaded at a rate of 10
ksi/min and, where applicable, heated at 10°F/sec. The results are tabulated in Tables
3.4.2-1 through 3.4.2-9 and plotted in Figures 3.4.2-1 through 3.4.2-12.
Figures 3.4.2-1 through 3.4.2-3 show the average values for ultimate strength,
ultimate strain, and initial elastic modulus at the various test temperatures for the fill
compression evaluations. The individual data are plotted in Figures 3.4.2-4 through
3.4.2-12. These evaluations show good reproduction with some scatter at 2000 and
3500"F. In addition to the stress-strain measurements, Poisson's ratio was obtained in
the fiU-warp and fill-A/P planes at room temperature. An average value of 0.20 for v21




1200, 2000, 3500, and 4500"F. The across-ply specimens were loaded at 10 ksi/min and
the temperature runs were heated at l"F/sec. The results are tabulated in Tables 3.4.3-1
through 3.5.3-11 and plotted in Figures 3.4.3-1 through 3.4.3-14.
The average ultimate strengths, ultimate strains, and initial elastic moduli at
the various test temperatures for the across-ply compression evaluations are plotted in
Figures 3.4.3-1 through 3.4.3-3. Figures 3.4.3-2 through 3.4.3-12 show the individual
stress-strain curves. These figures show good reproduction with some scatter at 3500
and 4500°F. The data at 350 and 400°F contains both moisture conditioned and dried
specimens. The moisture conditioned specimens were conditioned at 95°F and 95%
relative humidity. The dried condition was obtained using a sequential cycle starting
with 14 days of dessication. This was followed by heating the material to 100°F for 4
hours, 140°F for 4 hours, and 220°F for 4 days at 0.1 torr (1.93 x 10 "3 psi). The
moisturized specimens exhibited slightly lower ultimate strengths than the dried and
as-received specimens at both temperatures. The dried specimens exhibited stiffer
initial elastic moduli. In the range from 500 to 1200°F the material exhibited a non-
linear stiffening response to initial loading. As a result, the modulus was reported as
two values. The first value indicates the initial secant modulus prior to the knee in the
curve where the material was softened by the resin state past glass transition or trapped
pyrolysis gases. The second value indicates the stiffness of the material after the knee
in the curve (after the relieved state of the material). In addition to the stress-strain
measurements, Poisson's ratio was obtained in the A/P-warp and A/P-fill planes at
room temperature. The average value was 0.24 for both v31 and v32.
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3.4.4 45 ° Warp/F/If Compression
Bias compression tests were conducted at RT, 350, 500, 600, 750, 1200, 2000,
3500, and 4500°F. The specimens were loaded at a rate of 10 ksi/min and, where
applicable, heated at 10"F/sec. The results are summarized m Tables 3.4.4-1 through
3.4.4-9 and plotted in Figures 3.4.4-1 through 3.4.4-12.
Although bias compression is not a true material property, the bias
compression results are reported. Figures 3.4.4-1 through 3.4.4-3 show the averge
ultimate strengths, ultimate strains, and initial elastic moduli at the various test
temperatures for the bias compression evaluations. Figures 3.4.4-4 through 3.4.4-12
show the individual stress-strain curves. These figures show good grouping with some
scatter at 2000, 3500, and 4500"F.
With thebiasedinitialelasticmodulus (E45)and the initialmoduli from warp
compression and fillcompression (EI and E2) and the average Poisson'sratioof"v21=
0.20,the inplaneshear modulus (G21,compression) was obtainedfrom thefoUowmg
equation :
1 4 1 - 2v21. 1
m
G21 E4_ E 2 E 1
Using thecorresponding average temperaturevaluesofthe given variablesin
the above equation yieldedinplaneshearmoduli (compression)ofG21 = 1.02Msi atRT,




Double notch shear (DNS) tests were conducted at RT, 250, 350, 500, 750, 900,
1200, 2000, and 2500"F. The tests were conducted with a loading rate of I ksi/min and,
when applicable, a heating rate of l"F/sec. The nature of the test allows only for the
determination of ultimate stress data. The results are tabulated in Tables 3.5.1-1
through 3.5.1-9 and plotted in Figures 3.5.1-1 and 3.5.1-2. The key to the failure modes
is given in Figure 3.5.1-3.
Figure 3.5.1-1 shows the average ultimate strength of NARC HRPF at the
various test temperatures. The individual evaluations plotted in Figure 3.5.1-2 show
good replication at all temperatures with the exception of some scatter at 900°F.
3.5.2 Warp Iosipescu Shear (Roumanian Shear)
Warp losipescushear (Roumanian shear)evaluationswere conducted atRT
and 1200°F. These testswere conducted ata load rateof10 ksi/min and the1200°F
specimens were heated ata rateofl°F/sec. The resultsaresummarized inTables3.5.2-
1 and 3.5.2-2and plottedinFigure3.5.2-1.
The individualevaluationsare plottedinFigure3.5.2-1.There was some
scatterat70°F but a 1200°F the datawere very tightlygrouped.
3.5.3 Fill Iosipescu Shear (Roumanian Shear)
The fillIosipescushear evaluationswere conducted atRT, 500,600,750,900,
and 1200_F. These evaluationswere loaded ata rateof 10 ksi/rainunlessnoted
otherwise inthe tablesand, where applicable,heated ata rateof 1°F/sec.The results
aretabulatedinTables 3.5.3-1through 3.5.3-6and plottedinFigure3.5.3-1.
The plot of the individual data shows tight grouping with the exception of
some scatter at 750°F and two outlying points at RT. The first three specimens
evaluated at RT gave ultimate stress values of 14200, 14360, and 20100 psi. [t was
discovered that the specimen which gave the ultimate value of 20100 psi had been
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testedat a loadrateof 18ksi/min. As aresult, three additional specimens were
evaluated. Two were loaded at 10 ksi/min and the third was purposely loaded at 30
ksi/min. The two specimens loaded at 10 ksi/min gave values of 15080 and 20060 psi
while the one evaluated at 30 ksi/min gave an ultimate stress of 14660 psi. These data
would appear to suggest that the on-yaro Iosipescu shear properties are independent of
load rate. Figure 3.5.3-2 gives the key to the failure notations used in the tables.
3.5.4 Across-Ply Torsional Shear
The across-ply torsional shear evaluations were conducted at RT, 250, 350, 500,
750, 1200, 2500, 3500, and 4500"F. These evaluations were loaded at a rate of I ksi/mm
and, where applicable, heated at a rate of l°F/sec. The results are shown in Figures
3.5.4-1 through 3.5.4-12 and tabulated in Tables 3.5.4-1 through 3.5.4-9.
The average ultimate strengths, ultimate strains, and initial elastic moduli at
the various test temperatures for the across-ply torsional evaluations are plotted in
Figures 3.5.4-1 through 3.5.4-3. The individual stress-strain evaluations are shown in
Figures 3.5.4-4 through 3.5.4-12. These evaluations show good reproduction with some
scatter at 350 and 1200°F. Notice that this scatter represents a separation of the
characterization data and the D5 data.
3.6 Restrained Thermal Growth (Constant Strain Mode)
Restrained thermal growth evaluations were made employing a heating rate of
lO°F/sec. Figure 3.6-1 shows the RTG axial stress and Figure 3.6-2 shows the RTG
lateral strata. The results are tabulated in Table 3.6-1. Figure 3.6-3 gives the key to the
failure modes shown in the table.
Figure 3.6-1 shows the axial stress of the wet (95"F/95% RH) and dry
specimens as well as the as-received (105°F/40%) specimens. As can be seen from the
graph, the as-received and dried specimens displayed a twin peaked stress response
that is typical of rayon-based carbon phenolic composites. This typical response,
however, was not seen for the wet specimens. Instead, a single peak response was
observed. This could be due, in part, to the major differences observed between the
thermal expansions of the as-received and wet specimens. At the temperature range
11
between400and5(X)°F,the thermal expansion of the wet specimens was found to be
approximately 800% to 400% higher than the thermal expansion of the as-received and
dry specimens. It could be that the large amounts of moisture trapped within these
specimens produce vapor pressures large enough to overcome the loss of stress around
the glass transition point. The average ultimate stress for the wet specimens was 16039
psi at 751"F as opposed to 12311 psi at 841"F for the as-received and 13201 psi at 879°F
for the dry. None of the as-received or dry specimens exhibited yam failures. In fact,
examination of these specimens showed only slight barreling effects had occurreci. The
wet specimens exhibited only partial RII fiber blowouts.
3.7 Speciflc Heat / Enthalpy
Figure 3.7-1 shows the enthalpy and specific heat (slope of enthalpy) of NARC
HRPF from RT to 5000°F. Adiabatic and ice calorimeters were used to obtain this data.
Table 3.7-1 contains the recommended specific heat values for NARC HRPF.
3.8 Thermal Conductivity
Thermal conductivitymeasurements were made inthe warp, fill,and across-
ply directions.The thermal conductivitymeasurements were made utilizingthe
comparative rod and radialinflowapparatuses. Figures3.8-1through 3.8-12show the
virgin,2000°Fchar,3500°F char,and transientthermalconductivitycurves ofNARC
HRPF inthe warp, fill,and across-plyorientations.Tables3.8-1through 3.8-15list he
recorded data.
3.9 Thermal Expansion ('vVarp, Fill, and Across-Ply)
The thermal expansion ofNARC HRPF was measured inthe warp, fill,and
across-plydirections.The quartzdilatometerwas used forteststo1500°F and the
graphitedilatometerwas used fortestsup to5000°F. Warp and fillthermal expansion
testswere conducted on specimens conditoned at105°F/40% RH (as-received).In the
across-plydirection,testswere conducted on I05°F/40% RH, wet, and dry conditioned
specimens. Allspecimens were heated at10°F/sec.
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3.9.1 Warp Thermal Expansion
Figure 3.9.1-1 shows the warp unit thermal expansion of two 1/4" diameter
specimens as measured in the quartz dilatometer. The warp specimens initially
expanded until reaching 400°F where they began shrinking slowly back to zero
expansion. Figure 3.9.1-2 shows the response of the same two specimens run in the
graphite dilatometer, overlayed with the quartz data. The shrinkage continues to
approximately 2500°F. After 2500°F the thermal expansion began increasing and was
continuing to increase when the test was terminated at 5000°F. Tables 3.9.1-1 through
3.9.1-6 show the raw recorded data.
3.9.2 Fill Thermal Expansion
Figures 3.9.2-1 and 3.9.2-2 show the fill thermal expansion results after testing
in the quartz and graphite dilatometers. As expected, the fill thermal expansion
behaved similarly to the warp oriented results. The recorded data are tabulated in
Tables 3.9.2-1 through 3.9.3-4.
3.9.3 Across-Ply Thermal Expansion
Figures 3.9.3-1 and 3.9.3-2 show the across-ply thermal expansion results
obtained after testing in the quartz and graphite dilatometers. Figures 3.9.3-3 and 3.9.3-
4 show the results of the wet and dry specimens, respectively, as measured in the
quartz dilatometer. Both the as-received and wet specimens had an initial peak,
understandably due to water and volatiles. The second peak (due to expanding
pyrolysis gases) of the as-received specimens was approximately 60 x 10-3 in./in, while
the wet specimens peaked at approximately 79 x 10- 3 in./in. The dry specimen showed
no initial peak (due to the absence of moisture or trapped volatiles) and had a second
peak similar to that of the as-received specimens. The graphite facility data obtained
shows rapid shrinkage occurring after 1000°F until leveling off around 2500°F. A
dramatic shrinkage occurs again from approximately 3400°F to 5000°F. Tables 3.9.3-1
through 3.9.3-10 contain the recorded data.
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3.10 Thermal Response
Figures 3.10-1 through 3.10-4 show the fill and across-ply thermal response
from the one-dimensional thermal response tests at fluxes of 100 and 300 Btu/hr-ft 2.
The fillorientedresponse was slightlyquickeras the 'hot'thermocouple inthe fill
specimens reached 2000"F afteronly 36 seconds (3430flux)while the across-ply
specimens took about 50 seconds. Tables3.10-1through 3.10-4show the tabulateddata.
3.11 Emissivity
Figure 3.11-1 is the total normal emittance curve of the NARC HRPF material.
The average value increases slightly from approximately 0.79 at 1550°F to 0.85 at
3550°F. Table 3.11-1 contains the numerical values for the total normal emittance.
3.12 Thermogravimetric Analysis (TGA)
Duplicate powdered samples were run in a nitrogen atmosphere at a heating
rate of 20°C/rain (36°F/rain) to a temperature of 1000°C (1832°F). Pyrolysis onset
temperatures were obtained by linearly extrapolating the steep slope and initial flay
portions of the runs. The temperature at the intersection of these two lines was taken as
the onset temperature of pyrolysis. The average onset temperature of pyrolysis
occurred at 803°F. Weight loss attributed to pyrolysis averaged about 12.4%. Figures
3.12-1 through 3.12-6 show the weight loss versus temperature responses, while Table
3.12-1 summarizes the TGA data.
3.13 Maximum Moisture Content
Table 3.13-1shows the individualand mean percentageweight gains ofthe
testspecimens placedin distilledwater at120°F. Figure3.13-1isa graphical
representationof thatdata. Table3.13-2shows the individualand mean percentweight
lossesofthe testspecimens dried ina vacuum oven at230°F. Figure3,13-2isa
graphicalrepresentationof thedrying data.The mean maximum moisture contentof
NARC HRPF was 9.45%.
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3.14 Volatile Content
Table 3.14-1 shows the individual percent weight losses of the three test
specimens. Figure3.14-1depictsthe individualpercentweight lossas a functionof
time. The percentvolatilecontentforBBB4, BBB-5,and BBB-6 was 4.06,4.35,and 4.19,
respectively,which givesa mean value of4.20forNARC HRPF.
4.0 STATISTICAL ANALYSIS
A statisticalnalysiswas performed on the filltensiondata at70,750,and
2000*F,the across-plytensiondataat70*F,and thedouble notched shear data at70*F.
The objectiveofthisanalysiswas toassessthevariabilityofthe datain theseparticular
cases.The "Anderson-Darling"testfornormality(asper Mil Handbook 5E) was used to
determine whether the curve which fitsthe datacan be approximated by a normal
curve. The essenceofthe testisa numericalcorrelationofthecumulative distribution
functionforthe observed data with thatfora fittednormal curve over the complete
range ofproperty being measured.
4.1 Fill Tension
The filltensilevaluationsat70*F were given inTable 3.3.2-1.The mean value
was 20770 psiwith a standard deviationof2408 and acoefficientofvariationof11.6%.
The strengthdistributionsareplottedin Figure4.1-I.Table4.1-Igivesa statistical
breakdown by program phase and billet.As can be seen from thistable,the material
measured under theQualificationEffortgave the highestaverage ultimatestresswhile
billet4581-0004testedunder theCharacterizationEffortgave thelowest.The calculated
Anderson-Darling (AD) teststatisticwas 0.20.The calculatedcriticalvalue was 0.715.
Sincethe AD teststatisticwas lower than thecriticalvalue,a normal distribution
hypothesiscannot be rejected.
The 750"F filltensilestrengthswere shown inTable 3.3.2-6.The mean value of
thispopulation was 12260 psi with a standard deviationof 1759 psiand a coefficientof
variationof14.3%. The distributionof thedata isshown inFigure4.1-I.Table 4.1-2
givesthe distributionofdataby programs and billets.Again, the materialtestedunder
the QualificationEffortgave the highestaverage ultimatestress.The AD teststatistic
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was calculated to be 0.333 compared to a critical value of 0.708 which again indicates
that a normal hypothesis cannot be rejected.
The fill tensile evaluations at 2000"F were shown in Table 3.3.2-9. One
specimen was rejected from the statistical analysis due to the fact that it went to
temperature 3 times. The mean value of all remaining specimens was 3670 psi with a
standard deviation of 1077 psi and a coefficient of variation of 29.4%. The strength
distributions are shown in Figure 4.1-1. The distribution of data by billets is shown in
Table 4.1-3. The rejected data point was from billet BBB-4 (194049). Of the two
remaining specimens from this billet, one exploded while going to temperature, thereby
resulting in singular data for this billet. Once again, the material from the Qualification
Effort had the highest average ultimate stress. The distribution of the data does not
reject a normal hypothesis. The calculated AD test statistic of 0.326 was lower than the
critical value of 0.687.
4.2 Across-Ply Tension
The across-ply tensile strengths at 70°F were given in Table 3.3.3-1. One
specimen was rejecteddue toa head failure.The average strengthofthe remaining
specimens was 3720 psiwith a standard deviationof332 psiand a coefficientof
variationof8.93%. The distributionofthe strengthsisplottedinFigure4.2-1.With the
exceptionof fivelow values,the plotisfairlylinear.Includingthe fivelow values,the
calculatedAD teststatisticwas 3.28compared toa criticalvalue of0.723,thereby
rejectinga normal hypothesis.However, ffthedata from the Development and
Qualificationeffortsand thelowestdata pointfrom theCharacterizationeffortarenot
included in thestatisticalevaluation,theAD teststatisticisfound tobe 0.373compared
toa criticalvalue of0.715.Table 4.2-1shows thestatisticalbreakdown by billet.Note
thattheone specimen from billetBBB-4 under the Characterizationeffortwas the one
which experiencedthe head failure.
4.3 Double Notched Shear
The interlammar shear strengths at 70°F were given in Table 3.5.1-1. The
average value of the population was 3825 psi with a standard deviation of 325 psi and a
coefficient of variation of 8.5%. All billets gave statistically similar results and the
16




This sectionwillcompare selectedmechanical propertiesof the
CharacterizationeffortNARC HRPF tohistoricalNARC and AVTEX MX4926 materials.
Referencesthroughout thissectionto NARC HRPF willalways be referringtothe
materialtestedunder the Characterizationeffort.
5.1 Tension (Warp, Fill, and Across-Ply)
5.1.1 Warp Tension
The warp tensileresultsaregraphicallycompared toprevious NARC and
AVTEX materialsinFigures5.1.1-1through 5.1.1-3and tabulatedinTable 5.1.1-1.
Figures5.1.1-1and 5.1.1-2show theCharacterizationeffortwarp tensileultimatestress
and ultimatestraintobe slightlylower than thehistoricalmaterials.Figure5.1.1-3,
however, shows the initialelasticmodulus forthe NARC HRPF tobe in-familywith the
historicalmaterials.
5.1.2 Fill Tension
The Characterizationeffortcomparisons tohistoricalNARC and AV'['EX
materials(where available)are shown inFigures5.1.2-Ithrough 5.1.2-3and tabulated
inTable 5.1.2-I.Figures5.1.2-1and 5.1.2-2show theaverage ultimatestressand
ultimatestrainforthe NARC HRPF tobe consistentlylower than thehistorical
materials.Thiscould be attributedtothefewer number ofpliesper inchforthe
CharacterizationeffortNARC HRPF. As shown inTable 3.2.1-I,the NARC HRPF from
the Characterizationeffortwas shown tohave fewer pliesper inch than any ofthe
historicalmaterials.Fewer pliesper inchwould resultina lower yarn density(i.e.,
fewer yarns per square inch)therebyresultinginlower stressand strainvalues.The




The across-ply tensile comparisons are shown in Figures 5.1.3-1 through 5.1.3-
3 and tabulated in Table 5.1.3-1. Figure 5.1.3-1 shows the ultimate stress for the
Characterization effort NARC HRPF to be slightly stronger at room temperature but
typicany in-family at all other temperatures to the available historical data. The
ultimate strain, shown in Figure 5.1.3-2, is in-family with historical values up to 5000F.
Above 50&F, the strain to failure appears to be higher than the available historical data.
The initial modulus, shown in Figure 5.1.3-3, is on the low side up to 500°F but still in-
family with the previous data. The modulus exhibits very tight grouping with the
limited historical data at temperatures above 5000F.
5.2 Correlation to Crimp Angle
A relationship between the yarn crimp angle and the maximum load per yam
is displayed in Figure 5.2-1. At room temperature and 750°F this relationship is
expressed by a straight line showing the crimp angle to be inversely proportional to the
maximum yam load. At 2500°F, where the matrix is very inelastic, stress
concentrations at the bend of the crimp angle are reduced due to the lowered matrix
support of yams. The result is a reduced effect of crimp angle at elevated temperatures.
The materials fall into three distinct groupings by carbonizer; Hitco fill,
Polycarbon, and Hitco warp. These groupings show the materials carbonized by Hitco
with low crimp angles (warp tension) have the highest load per yarn at failure while the
materials which have high crimp angles (fill tension) yield the lowest loads per yam at
failure. The materials carbonized by Polycarbon, with nearly balanced crimp angles,
yield loads per yarn between the extremes of the Hitco materials. As shown, the NARC
HRPF evaluated under this effort follows the trend.
5.3
5.3.1
Compression (Warp, Fill, Across-Ply, and 45 ° W/F)
Warp Compression
Warp compression comparisons could not be made due tothe factthatno
warp compression historicaldataexists.Figures5.3.1-Ithrough 5.3.1-3show the
average warp compressive ultimatestress,ultimatestrain,and initialelasticmodulus,
18
respectively, of the NARC HRPF evaluated under this effort.
tabulated in Table 5.3.1-1.
These results are
5.3.2 Fill Compression
The fill compressive comparisons are shown graphically in Figures 5.3.2-1
through 5.3.2-3 and tabulated in Table 5.3.2-1. Figures 5.3.2-1, 5.3.2-2, and 5.3.2-3 show
the fill compressive ultimate stress, ultimate strain, and initial elastic modulus,
respectively, to be in-family with the available historical data. Note that the NARC
HPRF values at 2000"F are for singular data.
5.3.3 Across-ply Compression
The across-plycompressive ultimatestressand ultimatestraincomparisons,
shown in Figures5.3.3-1and 5.3.3-2,show the NARC HRPF data tobe in-familywith
the limitedavailablehistoricaldata. As discussedinsection3.4.3,the across-ply
compression modulus at500,750,900,and 1200°Fwas reportedas two values.This
range isdepictedinFigure5.3.3-3as two solidcirclesconnected by a line.The data are
tabulatedinTable 5.3.3-I.
5.3.4 45° W/F Compression
The amount of bias compression historical data is very Limited. That which is
available is graphically compared with the NARC HRPF in Figures 5.3.4-1 through
5.3.4-3 and tabulated in Table 5.3.4-1. The bias compressive ultimate stress of the
NARC HRPF is shown to be comparable to the AVPre data in Figure 5.3.4-1. The strain
to failure, however, is consistently higher for the NARC HRPF. This is shown in Figure
5.3.4-2. The bias compressive elastic modulus is comparable at all temperatures except





The double-notch shear ultimate stress comparisons are shown graphically in
Figure 5.4.1-I and tabulated in Table 5.4.1-1. Again, there is very I/m/ted historical data
with which to make comparisons. The NARC HRPF exhibits a DNS ultimate stress that
is, in most cases, slightly higher than the previous historical values. This is consistent
with the trend seen in the across-ply tensile data.
5.4.2 Across-Ply Torsional Shear
The across-ply torsional shear properties are compared to historical materials
as shown in Figures 5.4.2-1 through 5.4.2-3 and tabulated in Table 5.4.2-1. The across-
ply torsional ultimate stress of the NARC HRPF, shown Figure 5.4.2-1, exhibits good
correlation with the historical data. The ultimate strain comparison, shown in Figure
5.4.2-2, reveals the NARC HRPF to have an ultimate strain approximately 80% lower
than the average historical value at 1200°F. However, at 4500°F, the strain to failure for
the NARC HRPF increases drastically and is approximately 150% greater than the only
available historical data at that temperature. The across-ply torsional modulus for
NARC HRPF is shown in Figure 5.4.2-3 to be in-family with the historical values.
5.5 Thermal Conductivity
Figures 5.5.-1 through 5.5.-5 compare thermal conductivities. The virgin warp
thermal conductivity of NARC HRPF is shown in Figure 5.5.-1 to be approximately 35%
lower than the available AVPost data at 500"F. Little difference exists in the virgin fill or
across-ply thermal conductivities, with the NARC being slightly lower than the Avtex
materials in both orientations. The virgin fill and across-ply thermal conductivities are
shown in Figures 5.5-2 and 5.5-3, respectively. High temperature comparisons show
the fill thermal conductivity of the NARC HRPF to be about 16% below the Avtex data
at 4500°F (Figure 5.5-4) while the across-ply conductivity is approximately 31% lower
than the available Avtex data (Figure 5.5-5).
2O
5.6 Thermal Expansion
Figures 5.6-1 through 5.6-5 show warp, fill, and across-ply thermal expansion
comparisons of the NARC HRPF to historical Avtex and NARC data.
The warp thermal expansion comparison shown in Figure 5:6-1 shows the
NARC HRPF exhibits very little shrinkage from 500 to 2000°F when compared to the
AVPost data. At 2500°F, the thermal expansion of the NARC HRPF is approximately
137% higher than the expansion of the Avtex material. As the temperature increases,
however, the difference between the expansion values of the two materials continues to
decrease. At 45000F very little difference exists as the Avtex expansion is about 7%
higher than the NARC HRPF expansion.
The low temperature fill thermal expansion comparison, shown in Figure 5.6-
2, shows the expansion of the NARC HRPF to be higher than that of the Avtex
materials up to 4000F. After 500°F, however, the NARC material has a more rapid
shrinkage than either AVPost material and is considerably lower at 1800°F. The high
temperature fill thermal expansion comparison shown in Figure 5.6-3 reveals the NARC
HRPF to be very comparable to all historical data with the exception of the NARC
HRPF evaluated under the D5 program.
The low temperature across-ply thermal expansions are shown in Figure 5.6-4.
The NARC HRPF exhibits higher peaks than the Avtex material but again has a more
rapid shrinkage after 1000°F than the Avtex material. There is no Avtex data with
which to make high temperature across-ply thermal expansion comparisons.
Comparisons between the various NARC materials, however, show the NARC HRPF
evaluated under the Characterization effort to have the second highest peak value at
1000°F and the lowest value at 5000°F. Figure 5.6-5 shows this comparison.
21
6.0 Conclusions
A general comparison of some selected properties between NARC HRPF's and
Avtex materials is given in Table 6.0-1. It was determined that the NARC HRPF is
equivalent to the Avtex materials. The NARC material had mechanical and thermal
properties which were consistent with those measured on current materials. Some
slight differences exist in the mechanical data but overall no remarkable variations were
apparent. The morphology of the NARC material is comparable to Avtex Restart. The
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P - PLY FAILURE
ST(I) - STEP TEAR FAILURE
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I = NUMBER OF TEARS IN GAGE
DP = FAILURE ALONG TWO OPPOSING
PLIES WITH 1 TEAR THROUGH
GAGE.
N = MULTIPLE OR SPORADIC STEP
TEAR FAILURE.
P(ET) WITH (END TEAR)
FAILURE
ET = APPROXIMATE LENGTH
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70 0 Specimen: CTE-W-1
100 0.23 KunNo.: HO17-145-HR
200 0.77 Initial Length: 2.9993 in.
300 1.40 Final Length: 2.9920 in.
400 2.11 Initial Weight: 3.4962 gm
450 2.12 Final Weight: 2.8491 gm





















Table 3.9.1-2. Warp Thermal Expansion of HRPF Billet BBB-5 Measured in Quartz Dilatometer




70 0 Specimen: CTE-W-1
100 0.24 Run No.: H017-133-HR
200 0.74 Initlal Length: 2.9992 in.
300 1.39 Final Length: 2.9907 in.
400 1.98 Initial Weight: 3.4822 gm
450 2.12 Final Weight: 2.8367 gm
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Table 3.9.1-3. Warp Thermal Expansion of HRPF Billet BBB-6 Measured in Quartz Dilatometer
Specimen Thermal
Temp Expansion
('F) (I0-3 in.lin. )
70 0 Specimen: CTE-W-I
i00 0.26 Run No.: HO17-135-HR
200 0.99 Initial Length: 3.0000 ln.
300 1.57 Final Length: 2.9905 in.
400 2.19 Initial Weight: 3.5157 gm
450 2.19 Final _eight: 2.8601 gm
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Figure 3.9.1-2. Warp Thermal Expansion of NARC HRPF (105°F/40% RH)
2"/3





70 0 Specimen: CTE-F-1
100 0.24 Run No.: HO17-131-HR
200 0.71 Initial Length: 2.9994 in.
300 1.35 Final Length: 2.9890 in.
400 1.94 Initial Wei$hc: 3.4934 gm
450 2.08 Final Weight: 2.8144 Em
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Table 3.9.2-2. Fill Thermal Expansion of HRPF Billet BBB-5 Measured in Quartz Dilatometer
Specimen Thermal
Temp Expans ion
('F) (10-3 tn./in. )
70 0 Specimen: CTE-F-I
i00 0.23 Run No.: H017-132-HR
200 0 71 Initial Length: 2.9991 in.
300 1 37 Final Length: 2.9915 in.
400 1 98 Initial Weight: 2.9915 gm
450 2 12 Final Weight: 2.8162 gm
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Figure 3.9.2-2. Fill Thermal Expansion of NARC HRPF (105°F/40% RH)
2?9




70 0 Specimen: CTE-A/P-2
100 0.36 Run No.: HOI7-127-HR
200 1.24 Initial Length: 0.9998 in.
300 2.07 Final Length: 0.9795 in.
400 4.11 Initial Weight: 1.1597 Sm
450 7.12 Final Weight: 0.9080 gm

























70 0 Specimen: CTE-A/P-2
100 0.51 Run No.: H017-129-HR
200 1.04 Initial Length: 1.0000 in.
300 2.27 Final Length: 0.9818 in.
400 4.31 Initial Weight: 1.1599 gm
450 9.12 Final Weight: 0.9499 gm
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Initial Length: 1.0009 in.
Final Length: 0.9893 in.
Initial Weight: 1.2156 gm
Final Weigh_: 0.8842 gm
Density: 1.5159 g/cc
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Table 3.9.3-6. Across-Ply Thermal Expansion of HRPF Billet BBB-5 Measured in Quartz Dflatometer (Wet)
Specimen Thermal
Temp Expansion
('F) (10-3 £n./in. )
70 0 Specimen: CTE-A/P-2 (NET)
100 0.36 Run No.: H017-148-HR
200 1.94 Initial Length: 1.0014 in.
300 10.06 Final Length: 0.9900 in.
400 45.05 Initial Weight: 1.2160 gm
450 63.03 Final Weight: 0.9432 gm




















............................ . ..... ..°.... .... . ........................
285





70 0 Specimen: CTE-A/P-1 (WET)
I00 0.31 Run No.: H017-146-HR
200 1.84 Initial Lens_h: 1.0010 £n.
300 4.07 Final Length: 0.9932 £n.
400 26.08 Initial Weight: 1.2172 gm
450 48.07 Final Weight: 0.9073 gm

























70 0 Specimen: CTE-A/P-I (DRY)
100 0.36 Run No.: H017-141-HR
200 1.34 Inltlal Length: 0.9983 in.
300 2.07 Final Length: 0.9764 in.
400 3.52 Initial Weigh_: 1.1384 gm
450 4.73 Final Weight: 0.9371 gm
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70 0 Specimen: CTE-A/P-3 (DRY)
100 0.31 Run No.: HO17-139-HR
200 1.24 Initlal Length: 0.998A in.
300 2.17 Final Length: 0.9797 in.
400 4.02 Initial Weight: 1.1415 gm
450 5.13 F£nal Weight: 0.9594 gm





















Table 3.9.3-10. Across-Ply Thermal Expansion of HRPF Billet BBB-6 Measured in Quartz Dilatometer (Dry)
Specimen Thermal
Temp Expans ion
('F) (I0-3 in./in. )
70 0 Specimen: CTE-A/P-3 (DRY)
100 0.36 Run No.: HO17-143-HR
200 1.39 Initial Length: 0.9982 in.
300 2.07 Final Length: 0.9787 in.
400 3.92 Inltial Weight: 1.1509 gm
450 5.53 Final Weight: 0.9620 gm
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Table 3.10-3. Average Dynamic Thermal Response of NARC HRPF in the












































































































Table 3.10-4. Average Dynamic Thermal Response of NARC HRPF in the













































































































































































Table 3.11-1. Emmitance for NARC HRPF
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Table 3.13-1. Maximum Moisture of NARC HRPF Soaking in Deionized Water at 120°F
"SQRT. OF SPECIMEN WEIGHT
ELAPSED ELAPSED
TIME TIME BBB-4 BBB-$ BBB-6
_A_ (hnl I.r,) 1 2 3
14-Itm-91 0 0_0 0.5950 0.6786 0.6861
17-}'un.91 72 8.49 0.6874 0.6936
I8-1un-91 % 9.80 0.6892 0.6948
19-1un-91 120 10.95 0.6905 0.6961
20-1un-91 144 1100 0.6913 0.6966
25-Ium-91 2.64 16.25 0.6959 0.70o5
16.97 0.6153
2qul-91 402 20.78 0.6999 0.7006
9-)'uL91 600 24.49 03_)28 0.7062
16-Jub91 768 27.71 0.7052 0.7081
22-Jub91 912 30.20 0.7068 0.7095
31-Jul-91 1128 33.59 0.7087 0.7120
6-Aug-91 1272 35.67 0.7092 0.7125
12-Aug-91 1416 37.63 0.7102 0.7138
20-Aug-91 1608 40.10 0.7108 0.7154
40.69 0.6265
25-Aug-91 1800 41.43 0.6264 0.7110 0.7157
4-Sep-91 1968 44.36 0.7113 0.7164
10-_p-91 2112 45.96 0.7113 0.7167
46.99 0.6276
16-,,q_91 22.56 47.50 0.7117 0.7175
48.25 0.6276
2_._:_91 2448 49.48 0.7118 0.7175
50.68 0.6274



















































































S(_T. OF SPECIMEN WEIGHT
ID, APSHD HLAPSI_
TIME 888.4 BB]_ BBil4
(hm) (hn_ 1 2 $
0 0.00 0.6279 0.7117 0.7173
24 4.50 0.6744 O.6839
48 6._ 0.$862 O.6682 O_01F)
72 8.49 0,5797 0.6631 0.67Sl
96 9.80 0.6696
168 12.96 0X_46 0.6638
192 13.86 0.5737 0.6542 0.6648
240 15.49 0.$72 0.6536 0.6633
336 18.33 0.5732 0.6509 0.6592
360 18.9"7 0.6.512 0.6599
432 2O.78 0.6S00 0.6Y_3
504 22.45 0.5718 0.6501 0.6S91
$76 24.00 0.6312 0.66O3
600 24.49 0.6498 0.6587
25.,16 O.$722
696 26.38 0.6501 0.6587
28.98 0.$711





PERCENT WEIGHT LOSS MEAN
_-&lp-91 0 0.00 0.00 0.00 0.00 0.00
1,.0_-91 24 4.90 5.$3 4.91 5.22
2-O¢t-91 48 6.93 7.11 6.51 $.69 6.44
3-Oct-91 72 8.49 8.31 7-33 6.28 731
4-0¢t-9! 96 9.80 7.15 7.15
7-0ct-91 168 12.96 8.72 8.09 8.41
8-0ct-91 192 13.86 9.45 8.79 7.93 8.72
10-Oct-91 240 1S.49 9,77 8.89 8.17 8.94
14-0ct-91 336 18.33 9.54 9.34 8,84 9.24
t$-Oct-91 360 18.97 9.29 8.7"3 9.01
18-Oct-91 432 20.78 9.44 8.83 9.13
21-Oct-91 504 22.45 9.81 9.48 _._6 938
24bOot-91 576 24.00 9.29 8.66 8.98
2S-Oct-91 600 24.49 9.53 8.93 9.Z3
25.46 9.73 9.73
29-0ct-91 696 26.38 9.48 8.93 9.20
28.98 9.95 995
































































Table 3.14-1. Volatiles Content of NARC HRPF Dried in Vacuum Oven at 230°F
SQRT. OF SPECIMEN WEIGHT
ELAPSED ELAPSED
TIME BBB_ BBB-$ BBB-6
DATE (hs's) (hrs) 1 2 3
17-Jun-91 0 0.00 2.9554 2.97'38 3.0235
18-Jun-91 24 4.90 2.9393 2.9882
20-Jun-91 72 8.49 2.9190 2.9701
26-Jun-91 216 14.70 2.8974 2.9479
3-Jul-91 384 19.60 2.8790 2.9310
26.38 2.8737
24-Jul-91 888 29.80 2.8.589 2.9099
31-Jul-91 1056 32.50 2.8595 2.9097
5-Aug-91 1176 34.29 2.8361 2.8555 2.9042
13-Aug-91 1368 36.99 2.8386 2.8515 2.9013
21-Aug-91 1560 39.50 2.8368 2.8494 2.8994
29-Aug-91 1752 41.86 2.8363 2.8465 2.8967
4-Sep-91 1896 43.54 2.8353 2.8469 2.8970
10-Sep-91 2040 45.17 2.8364 2.8467 2.897l
16-5e_-91 2184 46.73 2.8366 2.8476 2.8979
PERCENT WEIGHT LOSS
17-Jun-91 0 0.00 0.00 0.00 0.00
18-Jun-91 24 4.90 1.23 1.17
20-Jun-91 72 8.49 1.91 1.77
26-Jun-91 216 14.70 2.63 2.5
3-Jul-91 384 19.60 3.25 3.06
26.38 2.76
24-Jul-91 888 29.80 3 93 3.76
31-Jul-91 1056 32.50 3.91 3.76
5-Aug-91 1176 34.29 4.04 4.04 3.95
13-Aug-91 1368 36.99 3.95 4.18 4.04
21-Aug-91 1560 39.50 4.01 4.25 4.10
29-Aug-91 1752 41.86 4.03 4.35 4.19
4-Sep-91 1896 43.54 4:06 4.33 4.18
10-Sep-91 2040 45.17 4.03 4.34 4.18






























































































































23HRPF-1A 5 1.4866 0.1685 0.1677 3.00 0.0137 19455
NARC HRPF (QUAL)
BBS-$ 6 1.4706 0.1690 0.1678 2.94 0.0136 23681
2.761.4496 _1_0 0.01140.1668
NARC HRPI _ (OS)
9999-4403 21370
BILLET STANDARD DEVIATIONS
NARC HRPF (RSRM) 4581-0004 0.0011 0.00.}8 0.0008 0.5903 0.{_08 969
BBB.4(6) 0.0(X)4 0.0003 0.0006 0.0000 0.0007 495
BBB-6 0.0(}55 0.0002 0.0002 0.0595 0._)9 826
NARC HRPP (DE'V) ?.3HRPF-I A 0.0021 0.0007 0.0006 0.0487 0.0008 2577
NARC HRPF (QUAL) BBB-5 0.0009 0.0U06 0.0008 0.1143 0.CR'_ 1520
!NARC HRPF (DS) 9999-4403 0.U036 0.0006 0.0005 0.0210 0,0007 2307
BILLET COEFFICIENT OF VARIATIONS
NARC HRPF {RSRM) 4581-0004 0.0754 0.4840 0.4881 194818 7.5472. 513'2.t_1
8813-4(6) 0.0274 o.1_8 u. 3612 o tx'A_} ,.t187|] 2.452_
BBB-6 0.3764) t).1214 I) 1221) 2.tDSi 7.2581 3 83_3
NARC HRPF (DEV) 23HRPF-IA 0.1413 0.4154 0.3578 I.o233 5.8394 131460
N ARC H RPF (QUAL) 888-5 0.0612 0.3550 0.4768 38878 2.9412 6 4186
NARC HRPF (DS) 0.2483 0.35"37 t1..31149 0.764_) o.14114 ID 7955
318





































































































BILLET COEFFICIENT OF VARIATIONS
INARC HRPF (RSRM)
















4 2_)4NARC HRPF (QUAL) BBB-S 0.0884 0 2.368 0 8373 6 1978 7 1-129
NARC HRPF (DS) 9999-4403 0.1933 0.2989 0.3040 7 b2_l 5.94tM 50840
319

































































NARC HRPP (RSRM) 4581-0004 0.0002 0.0007 0.0004 0.0000 O.(XXX) o
BBB.-t 0.0009 0.0019 0.131106 0.3606 0.0(_ 67
BBB-4(6) 0.0008 0.0001 0.0000 O.1638 0.0004 272
!BBB-6 0.0026 0.0006 0.0006 0.2457 0.0002 457
NARC HRPF (QUAL) BBB-S 0.0011 0.(X)06 0.iX)U6 0.0976 0.00O5 452
NARC HRPF (DS) 9999-4403 0.0074 0.0001 0.(X]02 00990 0._X)4 644
BILLET COEFFICIENT OF VARIATIONS
NARC HRPF (RSRM) 4581-0004 0,0137 0.4263 0.2452 O.tLh'10 0.0(X10 o,txxx)
0.(1618 1.1.187 O,,_',_I 22. i tX}8 2t) (M_.ltl t. 5392
0.0549 0.0602. O.(XXX) I 1.5597 20 tXXX} 8 t_ 18
BBB-6 0.17'70 0.3647 0.3670 13.8814 12.501_.) Io.4560
NARC HRPF (QUAL) BBB-5 11.0748 0.3546 0.3576 5.4283 12._2t)5 90927




Table 4.2-1. Across-Ply Tensile Averages at 70°F
AVEaAGSVALUES































































































BILLET COEFFICIENT OF VARIATIONS
NARC HRPF (RSRM) 4581-0004 0.5686 (I.7848 0.9888 4.5177 11,7647 _.o526 i
BBB-4 0.(_00 O.0OtX} 0.tXX)O t).OOtYd O.OOJO 0tXkIO I
1
NARC HRPF (DEV) 23HRPF-1A 0.2482 0.0643 t).tXl]O 0.2880 8.3333 5 _19 i
NARC HRPF (QUAL) BBB-5 0.0542 0.0645 0.06.48 6.1746 8.3333 0.4978 t
I
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This is the final report to Thiokol Corporation on the work performed at SRI
under P.O. Number ORK008. This is Volume III (Characterization Effort) of the NARC
material evaluation series which covers the HRHU characterization testing.
1.1 Objective
The purpose of this effort was to: 1) perform characterization testing on NARC
HRHU to provide thermal structural data for design and analysis, 2) compare NARC
HRHU of the Characterization effort to NARC HRHU of the Qualification,
Development, and D5 Efforts as well as historical AVTEX materials.
1.2 Material Description
The material evaluated for this volume of the Characterization Effort was
FM5055 (HRHU). The material contains NARC Rayon yarns woven by Highland using
a Rapier Loom. The rayon cloth was carbonized by Hitco and the carbonized cloth was
prepregged by U.S. Polymeric. The prepregs were laid up and cured ai Thiokol
Corporation. The code used in this study for the material process is shown in Figure
1.2-1.
1.3 Test Matrix
The test matrix for this effort is shown in Table 1.3-1. All mechanical
specimens designated to be tested in the temperature range of 250 to 1200°F were
conditioned at 105°F/40% RH for approximately three months (i.e., until their weights
stabilized). The data obtained from the Development and Qualification Efforts as well
as the D5 program were/ncluded with the results obtained from the Characterization
Effort to provide a larger statistical database.
It was found that two billets were misidentified. Under Task 4, billet AAA-1,
(HRHU) should have been labeled as Task 3, billet AAA-3 (HRHU). Likewise, Task 3,
billet AAA-3 (HRHU) should have been labeled as Task 4, billet AAA-1 (HRHU).
Fortunately, the mistake was discovered before a majority of the specimens had been
tested.
1.4 Specimen Preparation
An important part of the specimen preparation is individual specimen
identification. Each specimen is assigned a unique designation. Each specimen is then
stored in an appropriately marked envelope as soon as it is removed from the bulk part.
The envelope is labeled with the project number, specimen number, material type and
specimen location. By maintaining strict label requirements, the history of each
individual specimen can then be tracked through logbooks and through comments and
signatures written on the envelope.
follows:
The specimen identification system to be employed in this investigation is as
RS
Specimen Number







RTG - Restrained Thermal Growth
CTE - Thermal Expansion
CRA - Comparative Rod Apparatus
TGA - Thermal Gravimetric Analysis
MD - Moisture Diffusion
RC - Resin Content
VOL - Volatile Content
DNS - Double Notched Shear
RS- Roumanian Shear
1.5 Cutting Plans
The NARC based carbon phenolic materials used in the Characterization effort
were made in 16" x 15" x 3.5" billets. For each material, four billets and a quarter zone of
an SRM throat ring were fabricated. The billets for HRHU were identified as AAA-1,
AAA-2, AAA-3, and 4582-0003. The specimen blanks were removed from the billets
and throat ring as illustrated in Figures 1.5-1 through 1.5-5.
2
2.0 TESTPROCEDURES
Theproceduresfor theCharacterizationEffort testsareprovided in the report
entitled "Carbon Phenolic Test Procedures for NARC Materials", report number SRI-




The dimensions and weights were determined on the fully machined blanks in
order to obtain bulk densities. The mechanical evaluation tables include individual
densities for each specimen as well as the average density.
3.1.2 Velocity
The break and peak velocities were determined on the fully machined blanks
in the test orientation. These velocities are listed in the appropriate mechanical tables.
3.1.3 Radiographs
Radiographs were performed for all mechanical specimens. The radiographs




The material was microscopically investigated using a Nikon Epiphot stereo
microscope. Samples from each billet were impregnated and polished for the fill across-
ply and warp across-ply orientations.
Themicrographs,shown in Figures 3.2.1-1 through 3.2.1-12, show very little
evidence of matrix or yarn cracking and no pores, non-uniform ply spacing, or resin
rich zones. There is a noticeable difference between the warp across-ply and fill across-
ply orientations. The fill yarns have large amplitudes and crimp angles while the warp
yarns have low amplitudes and crimp angles (straighter yarns). This is consistent with
the results from the Qualification Effort in which the materials carbonized by Hitco
exhibited this same pattern. This is typical of historical experience on this material. The
microscopic evaluations are tabulated in Table 3.2.1-1 for the fill across-ply and warp
across-ply orientations.
3.3 Tension (Warp, Fill, and Across-Ply)
3.3.1 Warp Tension
Warp tension evaluations were conducted at 70, 250, 750, and 2000°F.
Specimens were loaded at a rate of 10 ksi/mm. All temperature runs were made at
10°F/sec. Tables 3.3.1-1 through 3.3.1-4 show the individual results from the
Characterization Effort. These tables also show the individual results from the
Development, Qualification, and D5 Efforts where applicable. The data from all of the
phases, unless noted in the tables, was used to obtain the averages. Figures 3.3.1-1
through 3.3.1-7 display the warp tensile stress-strain responses. Note that these figures
also contain the data from the previous efforts.
Figures 3.3.1-1 through 3.3.1-3 show the average ultimate strength, ultimate
strain, and initial elastic modulus, respectively, at the various test temperatures. The
individual stress-strain responses are shown in Figures 3.3.1-4 through 3.3.1-7. These
evaluations show good groupings at all temperatures.
3.3.2 Fill Tension
Fill tensile evaluations were conducted at RT, 250, 350, 500, 600, 750, 900,
1200, 2000, 2500, 3500, and 4500°F. Specimens were loaded at a rate of 10 ksi/min and
all temperature runs were made at 10°F/sec. The results are tabulated in Tables 3.3.2-1
through 3.3.2-12 and plotted in Figures 3.3.2-1 through 3.3.2-15. The data from the
previous efforts, where available, is also included in these tables and figures. Figure
3.3.2-16 gives the key to the failure modes found in the tables.
The average ultimate strengths, ultimate strains, and initial elastic moduli for
the various test temperatures are plotted in Figures 3.3.2-1 through 3.3.2-3. Figures
3.3.2-4 through 3.3.2-15 show the individual stress-st-ram responses. These evaluations
show some scatter at the intermediate temperatures from 350 to 900°F.
3.3.3 Across-PlyTension
Theacross-plytensileevaluationswereconductedat RT,350,400,500, 600,
750, 900, 1200, 2000, 2500, 3500, and 4500°F. The across-ply specimens were loaded at a
rate of I ksi/min and, where applicable, heated at l°F/sec. The heating and load rate
were chosen to reduce internal pressures generated during hear'up and to compare
against historical data. The results are tabulated in Tables 3.3.3-1 through 3.3.3-12 and
plotted in Figures 3.3.3-1 through 3.3.3-15. The data from the previous efforts are
included where available.
Figures 3.3.3-1 through 3.3.3-3 show the average ultimate strengths, ultimate
strains, and initial elastic moduli for the across-ply tensile evaluations at the various test
temperatures. The individual evaluations are shown in Figures 3.3.3-4 through 3.3.3-15.
These evaluations show good groupings with some scatter in the data at 350 and 500°F.
3.4 Compression (Warp, Fill, Across-Ply and 45 ° W/F)
3.4.1 Warp Compression
The warp compression evaluations were conducted at RT, 500, 1200, 3500, and
4500°F. The warp compression specimens were loaded at a rate of 10 ksi/min and all
temperature runs were made at 10°F/sec: The results are tabulated in Tables 3.4.1-1
through 3.4.1-5 and plotted in Figures 3.4.1-1 through 3.4.1-8. The key to the failure
modes shown in the tables is given in Figure 3.4.1-9.
Figures 3.4.1-1 through 3.4.1-3 show the average ultimate strengths, ultimate
strains, and initial elastic moduli at the various test temperatures for the warp
compression evaluations. The individual evaluations are shown in Figures 3.4.1-4
through 3.4.1-8. These evaluations show good reproduction with some scatter at 3500
and 4500°F. In addition to stress-strain measurements, Poisson's ratio was measured in
the warp-fill and warp-A/P planes at room temperature using adhesive strain gauges.
Average values of 0.22 for v_2 and 0.305 for vl3 were recorded.
3.4.2 Fill Compression
Fill compression evaluations were conducted at RT, 350, 400, 750, 900, 1200,
2000, 3500, and 4500"F. The fill compression evaluations were loaded at a rate of 10
ksi/min and, where applicable, heated at 10*F/sec. The results are tabulated in Tables
3.4.2-1 through 3.4.2-9 and plotted in Figures 3.4.2-1 through 3.4.2-12.
Figures 3.4.2-1 through 3.4.2-3 show the average values for ultimate strength,
ultimate strain, and initial elastic modulus at the various test temperatures for the fill
compression evaluations. The individual data are plotted in Figures 3.4.2-4 through
3.4.2-12. These evaluations show good reproduction with some scatter at 2000, 3500,
and 4500"F. In addition to the stress-strain measurements, Poisson's ratio was obtained
in the fill-warp and fill-A/P planes at room temperature. An average value of 0.21 for
v21 and 0.315 for v23 were recorded.
3.4.3 Across-ply Compression
The across-ply evaluations were conducted at RT, 250, 350, 400, 500, 750, 900,
1200, 2000, 3500, and 4500"F. The across-ply specimens were loaded at 10 ksi/min and,
where applicable, heated at l*F/sec. The results are tabulated in Tables 3.4.3-1 through
3.5.3-11 and plotted in Figures 3.4.3-1 through 3.4.3-14.
The average ultimate strengths, ultimate strains, and initial elastic moduli at
the various test temperatures for the across-ply compression evaluations are plotted in
Figures 3.4.3-1 through 3.4.3-3. Figures 3.4.3-2 through 3.4.3-12 show the individual
stress-strain curves. These figures show good reproduction with some scatter at 2000,
3500 and 45000F. The data at 350 and 400*F contains both moisture conditioned and
dried specimens. The moisture conditioned specimens were conditioned at 95°F and
95% relative humidity. The dried condition was obtained using a sequential cycle
starting with 14 days of desiccation. This was followed by heating the material to 100°F
for 4 hours, 140"F for 4 hours, and 220"F for 4 days at 0.1 torr (1.93 x 10 -3 psi). The
moisturized specimens exhibited slightly lower ultimate strengths than the dried and
as-received specimens at both temperatures. The dried specimens exhibited stiffer
initial elastic moduli. In the range from 750 to 1200"F the material exhibited a non-
linear stiffening response to initial loading. As a result, the modulus was reported as
two values. The first value indicates the initial secant modulus prior to the knee in the
curve where the material was softened by the resin state past glass transition or trapped
pyrolysis gases. The second value indicates the stiffness of the material after the knee
in the curve (after the relieved state of the material). In addition to the stress-strain
measurements, Poisson's ratio was obtained in the A/P-warp and A/P-flU planes at
room temperature. The average value was 0.25 for both v31 and v32.
3.4.4 45 ° Warp/FiU Compression
Bias compression tests were conducted at RT, 350, 500, 600, 750, 1200, 2000,
3500, and 4500°F. The specimens were loaded at a rate of 10 ksi/min and, where
applicable, heated at 10°F/sec. The results are summarized Tables 3.4.4-1 through
3.4.4-9 and plotted in Figures 3.4.4-1 through 3.4.4-12.
Although bias compression is not a true material property, the bias
compression results are reported. Figures 3.4.4-1 through 3.4.4-3 show the average
ultimate strengths, ultimate strains, and initial elastic moduli at the various test
temperatures for the bias compression evaluations. Figures 3.4.4-4 through 3.4.4-12
show the individual stress-strain curves. These figures show good grouping with some
scatter at 3500°F.
With the biased initial elastic modulus (E45) and the initial moduli from warp
compression and fill compression (E 1 and E2) and the average Poisson's ratio of v21 =
0.21, the inplane shear modulus (G21, compression) was obtained from the following
equation :
1 4 1 - 2v21 1
m
G21 E45 E 2 E 1
Using the corresponding average temperature values of the given variables in
the above equation yielded inplane shear moduli (compression) of G21 = 0.85 Msi at RT,
0.74 Msi at 350°F, 0.090 Msi at 500°F, 0.13 Msi at 750°F, 0.20 Msi at 1200°F, 0.53 at




Double notch shear (DNS) tests were conducted at RT, 250, 350, 500, 750, 900,
1200, 2000, and 2500°F. The tests were conducted with a loading rate of I ksi/min and,
when applicable, a heating rate of l°F/sec. The nature of the test allows only for the
determination of ultimate stress data. The results are tabulated in Tables 3.5.1-1
through 3.5.1-9 and plotted in Figures 3.5.1-1 and 3.5.1-2. The key to the failure modes
is given in Figure 3.5.1-3.
Figure 3.5.1-1 shows the average ultimate strength of NARC HRHU at the
various test temperatures. The individual evaluations are plotted in Figure 3.5.1-2.
3.5.2 Warp Iosipescu Shear (Roumanian Shear)
Warp Iosipescu shear (Roumanian shear) evaluations were conducted at RT
and 1200°F. These tests were conducted at a load rate of 10 ksi/min and the 1200°F
specimens were heated at a rate of l°F/sec. The results are summarized in Tables 3.5.2-
1 and 3.5.2-2 and plotted in Figure 3.5.2-1.
The individual evaluations are plotted in Figure 3.5.2-1. There was some
scatter at 70°F but a 1200°F the data were very tightly grouped. Figure 3.5.22-2 shows
the key to the failure notations in the tables.
3.5.3 Fill Iosipescu Shear (Roumanian Shear)
The fill Iosipescu shear evaluations were conducted at RT, 500, 600, 750, 900,
and 1200°F. These evaluations were loaded at a rate of 10 ksi/min and, where
applicable, heated at a rate of l°F/sec. The results are tabulated in Tables 3.5.3-1
through 3.5.3-6 and plotted in Figure 3.5.3-1. The plot of the individual data shows
tight grouping at all temperatures.
t
3.5.4 Across-Ply Torsional Shear
The across-ply torsional shear evaluations were conducted at RT, 250, 350, 500,
750, 1200, 2000, 2500, 3500, and 4500°F. These evaluations were loaded at a rate of
I ksi/min and, where applicable, heated at a rate of l°F/sec. The results are shown in
Figures 3.5.4-1 through 3.5.4-13 and tabulated in Tables 3.5.4-1 through 3.5.4-10.
The average ultimatestrengths,ultimatestrains,and initialelasticmoduli at
the various testtemperatures for the across-plytorsionalevaluationsare plottedin
Figures 3.5.4-1through 3.5.4-3.The individualstress-strainevaluationsare shown in
Figures 3.5.4-4through 3.5.4-12.These evaluationsshow good reproduction with some
scatterat 350,1200,and 2000°F. Note thatthe D5 data was run ata load rateof 10
ksi/min and heated at10°F/sec.
3.6 Restrained Thermal Growth (Constant Strain Mode)
Restrained thermal growth evaluations were made employing a heating rate of
10°F/sec. Figure 3.6-1 shows the RTG axial stress and Figure 3.6-2 shows the RTG
lateral strain. The results are tabulated in Table 3.6-1. Figure 3.6-3 gives the key to the
failure modes shown in the table.
Figure 3.6-1 shows the axial stress of the wet (95°F/95% RH) and dry
specimens as well as the as-received (105°F/40%) specimens. As can be seen from the
graph, the as-received and dried specimens displayed a twin peaked stress response
that is typical of rayon-based carbon phenolic composites. The wet specimens,
however, displayed a plateau instead of decreasing after reaching the initial peak. The
average ultimate stress for the wet specimens was 13262 psi at 765°F as opposed to
13368 psi at 911°F for the as-received and 11845 psi at 817°F for the dry.
3.7 Specific Heat/Enthalpy
Figure 3.7-1 shows the enthalpy and specific heat (slope of enthalpy) of NARC
HRHU from RT to 5000°F. Adiabatic and ice calorimeters were used to obtain this data.





Thermalconductivity measurementsweremadein the warp, fill, and across-
ply directions. The thermal conductivity measurements were made utilizing the
comparative rod and radial inflow apparatuses. Figures 3.8-1 through 3.8-12 show the
virgin, 2000°F char, 3500°F char, and transient thermal conductivity curves of NARC
HRHU in the warp, fill, and across-ply orientations. Tables 3.8-1 through 3.8-15 list the
recorded data.
3.9 Thermal Expansion (Warp, Fill, and Across-Ply)
The thermal expansion of NARC HRHU was measured in the warp, fill, and
across-ply directions. The quartz dilatometer was used for tests to 1500°F and the
graphite dflatometer was used for tests up to 5000°F. Warp and fill thermal expansion
tests were conducted on specimens conditioned at 105°F/40% RH (as-received). In the
across-ply direction, tests were conducted on 105°F/40% RH, wet, and dry conditioned
specimens. All specimens were heated at 10°F/sec.
3.9.1 Warp Thermal Expansion
Figure 3.9.1-1 shows the warp unit thermal expansion of two 1/4" diameter
specimens as measured in the quartz dilatometer. The warp specimens initially
expanded until reaching 400°F where they began shrinking slowly back to zero
expansion. Figure 3.9.1-2 shows the response of the same two specimens run in the
graphite dilatometer, overlaid with the quartz data. The shrinkage continues to
approximately 2400°F. After 2400°F the thermal expansion began increasing and was
continuing to increase when the test was terminated at 5000°F. Tables 3.9.1-1 through
3.9.1-6 show the raw recorded data.
3.9.2 Fill Thermal Expansion
Figures 3.9.2-1 and 3.9.2-2 show the fill thermal expansion results after testing
in the quartz and graphite dilatometers. The fill specimens exhibited more shrinkage
between 400 and 2400°F than the warp oriented specimens did. After 2500°F the
thermal expansion began increasing and had begun to level off when the test was
terminated. The recorded data are tabulated in Tables 3.9.2-1 through 3.9.2-4.
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3.9.3 Across-PlyThermal Expansion
Figures3.9.3-1and 3.9.3-2showthe across-plythermal expansion results
obtained after testing in the quartz and graphite dilatometers. Figures 3.9.3-3 and 3.9.3-
4 show the results of the wet and dry specimens, respectively, as measured in the
quartz dilatometer. All specimens exhibited an initial peak, understandably due to
water and volatiles. The second peak (due to expanding pyrolysis gases) of the as-
received specimens was approximately 58 x 10 .3 in./in, while the wet specimens
peaked at approximately 75 x 10 .3 in./in, and the dry specimens peaked at 55 x 10. 3
in./in. The graphite facility data obtained shows rapid shrinkage occurring after 1000°F
until leveling off around 2500°F. A dramatic shrinkage occurs again from
approximately 3400°F to 5000°F. Tables 3.9.3-1 through 3.9.3-10 contain the recorded
data.
3.10 Thermal Response
Figures 3.10-1 through 3.10-4 show the flu and across-ply thermal response
from the one-dimensional thermal response tests at fluxes of 100 and 300 Btu/hr-ft 2.
The hot, mid, and cold thermocouples are located 0.25, 0.50, and 0.75 inches,
respectively, from the heated surface. The fill oriented response was slightly quicker as
the 'hot' thermocouple in the fill specimens reached 2000°F after only 38 seconds (300
flux) while the across-ply specimens didn't reach 2000°F during the 60 second test.
Tables 3.10-1 through 3.10-4 show the tabulated data.
3.11 Emissivity
Figure 3.11-1 is the total normal emittance curve of the NARC HRHU material.
The average value increases slightly from approximately 0.80 at 1550°F to 0.85 at
3350°F. Table 3.11-1 contains the numerical values for the total normal emittance.
3.12 Thermogravimetric Analysis (TGA)
Duplicate powdered samples were run in a nitrogen atmosphere at a heating
rate of 20°C/min (36°F/min) to a temperature of 1000°C (1832°F). Pyrolysis onset
temperatures were obtained by linearly extrapolating the steep slope and initial flay
portions of the runs. The temperature at the intersection of these two lines was taken as
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the onset temperature of pyrolysis. The average onset temperature of pyrolysis
occurred at 854°F. Weight loss attributed to primary pyrolysis averaged about 12.7%.
Figures 3.12-1 through 3.12-6 show the weight loss versus temperature responses, while
Table 3.12-1 summarizes the TGA data.
3.13 Maximum Moisture Content
Table 3.13-1 shows the individual and mean percentage weight gains of the
test specimens placed in distilled water at 120°F. Figure 3.13-1 is a graphical
representation of that data. Table 3.13-2 shows the individual and mean percent weight
losses of the test specimens dried in a vacuum oven at 230°F. Figure 3.13-2 is a
graphical representation of the drying data. The mean maximum moisture content of
NARC HRHU was 8.90%.
3.14 Volatile Content
Table 3.14-1 shows the individual percent weight losses of the three as-
received test specimens. Figure 3.14-1 depicts the individual percent weight loss as a
function of time. The percent volatile content for AAA-1, AAA-2, and AAA-3 was 3.97,
3.99, and 3.68, respectively, which gives a mean value of 3.88 for NARC HRHU.
4.0 STATISTICAL ANALYSIS
A statistical analysis was performed on the flU tension data at 70, 750, and
2000*F, the across-ply tension data at 70*F, and the double notched shear data at 70*F.
The objective of this analysis was to assess the variability of the data in these particular
cases. The "Anderson-Darling" test for normality (as per Mil Handbook 5E) was used to
determine whether the curve which fits the data can be approximated by a normal
curve. The essence of the test is a numerical correlation of the cumulative distribution
function for the observed data with that for a fitted normal curve over the complete
range of property being measured.
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4.1 Fill Tension
The filltensileevaluationsat70°F were given inTable 3.3.2-1.The mean value
was 17250 psi with a standard deviationof1283 and a coefficientofvariationof7.44%.
The strengthdistributionsare plottedin Figure4.1-1.Table 4.1-1gives a statistical
breakdown by program phase and billet.As can be seen from thistable,the material
measured under the QualificationEffortgave the highest average ultimatestresswhile
billet4582-0003 testedunder the CharacterizationEffortgave the lowest. The calculated
Anderson-Darling (AD) teststatisticwas 0.39.The calculatedcriticalvalue was 0.718.
Since the AD teststatisticwas lower than the criticalvalue,a normal distribution
hypothesis cannot be rejected.
The 750°F fill tensile strengths were shown in Table 3.3.2-6. The mean value of
this population was 10406 psi with a standard deviation of 1480 psi and a coefficient of
variation of 14.2%. The distribution of the data is shown in Figure 4.1-1. Table 4.1-2
gives the distribution of data by programs and billets. The material tested under the
Characterization Effort gave the highest average ultimate stress. The AD test statistic
was calculated to be 0.069 compared to a critical value of 0.723 which again indicates
that a normal hypothesis cannot be rejected.
v
The fill tensile evaluations at 2000°F were shown in Table 3.3.2-9. Two
specimens were rejected from the statistical analysis due to improper load rates. The
mean value of all remaining specimens was 3142 psi with a standard deviation of 566
psi and a coefficient of variation of 18.0%. The strength distributions are shown in
Figure 4.1-1. The distribution of data by billets is shown inTable 4.1-3. Once again, the
material from the Qualification Effort had the highest average ultimate stress. The
distribution of the data does not reject a normal hypothesis. The calculated AD test
statistic of 0.449 was lower than the critical value of 0.694.
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Presuming a normal distribution and calculating allowables ( x - Ks) with a
90, 95, and 99% probability and a 95% confidence, the following values were obtained:
70°F Fill Tension








The across-ply tensile strengths at 70°F were given in Table 3.3.3-1. The
average strength of the specimens was 3563 psi with a standard deviation of 303 psi and
a coefficient of variation of 8.51%. The distribution of the strengths is plotted in Figure
4.2-1. Table 4.2-1 shows the statistical breakdown by billet. The material tested under
the Development Effort had the highest average ultimate stress. However, note that
only two specimens were tested under this effort. The calculated AD test statistic was
0.072 compared to a critical value of 0.733, thereby indicating that the data does not
reject a normal distribution hypothesis.
The across-ply tensile evaluations at 2000°F were shown in Table 3.3.3-9. The
mean value of this population was 269 psi with a standard deviation of 66 psi and a
coefficient of variation of 24.6%. The strength distributions are shown in Figure 4.2-1.
The distribution of data by billets is shown in Table 4.2-2. The distribution of the data
does not reject a normal hypothesis. The calculated AD test statistic was 0.480
compared to a critical value of 0.723.
The across-ply tensile strength allowables were calculated assuming normal
distribution to be:
70°F Across-ply Tensile Strength







The interlaminarshear strengthsat70°F were given inTable 3.5.1-1.The
average value of the population was 4093 psi with a standard deviationof615 psi and a
coefficientof variationof 15.0%. Allbilletsgave statisticallysimilarresultswith the
exception ofbilletAAA-2. This was due to one specimen which had an unexplainable
low ultimatestressof1800 psi. Despite thisdata point,the distributionofthe data,
shown in Figure 4.3-1,does not rejecta normal hypothesis. The AD teststatisticwas
found tobe 0.253compared to a criticalvalue of0.707.Table 4.3-1shows the statistical
breakdown by billet.
The double notched shear strength allowable values were calculated assuming
normal distribution to be:





This section will compare selected mechanical properties of the
Characterization effort NARC HRHU to historical NARC and AVTEX FM5055
materials. References throughout this section to NARC HRHU will always be referring
to the material tested under the Characterization effort.
5.1 Tension (Warp, Fill, and Across-Ply)
5.1.1 Warp Tension
The warp tensile results are graphically compared to previous NARC and
AVTEX materials m Figures 5.1.1-1 through 5.1.1-3 and tabulated in Table 5.1.1-1. The





TheCharacterizationeffort comparisonstohistorical NARC and AVTEX
materials are shown in Figures 5.1.2-1 through 5.1.2-3 and tabulated in Table 5.1.2-1.
Again, the figures reveal the fill tensile data for the NARC HRHU to be in very good
agreement with the historical data. Figure 5.1.2-1 shows the ultimate stress for the
NARC HRHU to be, for the most part, higher than the historical data up to 1200°F.
Above 1200°F, however, the NARC HRHU ultimate stress is slightly lower than the
available historical data.
5.1.3 Across-ply Tension
The across-ply tensile comparisons are shown in Figures 5.1.3-1 through 5.1.3-
3 and tabulated in Table 5.1.3-1. Figure 5.1.3-1 shows the ultimate stress for the
Characterization effort NARC HRHU to be in good agreement with the available
historical data. The ultimate strain, shown in Figure 5.1.3-2, is in-family with historical
values up to 500°F. Above 500°F, the strain to failure appears to be lower than the
available historical data. The initial modulus, shown in Figure 5.1.3-3, is in-family with
the previous data. The modulus exhibits very tight grouping with the limited historical
data at temperatures above 500°F.
5.2 Correlation to Crimp Angle
A relationship between the yarn crimp angle and the maximum load per yarn
is displayed in Figure 5.2-1. At room temperature and 750°F this relationship is
expressed by a straight line showing the crimp angle to be inversely proportional to the
maximum yarn load. At 25000F, where the matrix is very inelastic, stress
concentrations at the bend of the crimp angle are reduced due to the lowered matrix
support of yarns. The result is a reduced effect of crimp angle at elevated temperatures.
The materials fall into three distinct groupings by carbonizer; Hitco fill,
Polycarbon, and Hitco warp. These groupings show the materials carbonized by Hitco
with low crimp angles (warp tension) have the highest load per yarn at failure while the
materials which have high crimp angles (fill tension) yield the lowest loads per yarn at
fa/lure. The materials carbonized by Polycarbon, with nearly balanced crimp angles,
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yield loads per yam between the extremes of the Hitco materials. As shown, the NARC
HRHU evaluated under this effort follows the trend.
5.3 Compression (Warp, Fill, Across-Ply, and 45 ° W/F)
5.3.1 Warp Compression
Very little warp compression historical data exists. Figures 5.3.1-1 through
5.3.1-3 show the average warp compressive ultimate stress, ultimate strain, and initial
elastic modulus, respectively, of the NARC HRHU evaluated under this effort to be in
good agreement with the available historical data. These results are tabulated in Table
5.3.1-1.
5.3.2 Fill Compression
The fill compressive comparisons are shown graphically in Figures 5.3.2-1
through 5.3.2-3 and tabulated in Table 5.3.2-1. Figures 5.3.2-1, 5.3.2-2, and 5.3.2-3 show
the fill compressive ultimate stress, ultimate strain, and initial elastic modulus,
respectively, to be in-family with the available historical data.
5.3.3 Across-ply Compression
The across-ply compressive ultimate stress and ultimate strain comparisons,
shown in Figures 5.3.3-1 and 5.3.3-2, show the NARC HRHU data to be in-family with
the limited available historical data. As discussed in section 3.4.3, the across-ply
compression modulus at 900 and 1200°F was reported as two values. This range is
depicted in Figure 5.3.3-3 as two solid circles connected by a line. The data are
tabulated in Table 5.3.3-1.
5.3.4 45 ° W/F Compression
The amount of bias compression historical data is very limited. That which is
available is graphically compared with the NARC HRHU in Figures 5.3.4-1 through
5.3.4-3 and tabulated in Table 5.3.4-1. The bias compressive ultimate stress of the
NARC HRHU is shown to be comparable to the AVPre data in Figure 5.3.4.1. The
strain to failure, however, is slightly higher for the NARC HRHU except at 1200°F. This
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is shown m Figure 5.3.4-2. The bias compressive elastic modulus is comparable at all
temperatures except 500°F. At 500°F, the modulus for the NARC HRHU is lower than
the AVPre HDHU modulus.
5.4 InterIaminar Shear
5.4.1 Double-Notch Shear
The double-notch shear ultimate stress comparisons are shown graphically in
Figure 5.4.1-1 and tabulated in Table 5.4.1-1. The NARC HRHU exhibits a DNS
ultimate stress that is in family with the previous historical values.
5.4.2 Across-Ply Torsional Shear
The across-ply torsional shear properties are compared to historical materials
as shown in Figures 5.4.2-1 through 5.4.2-3 and tabulated in Table 5.4.2-1. The across-
ply torsional ultimate stress of the NARC HRHU, shown Figure 5.4.2-1, exhibits good
correlation with the historical data. The ultimate strain comparison, shown in Figure
5.4.2-2, reveals a scatter between the available data at most temperatures. For the most
part, the strain to failure for the NARC HRHU falls within the range of this scatter.
However, at 4500°1, the strain to failure for the NARC HRHU is approximately 30%
greater than the only available historical data at that temperature. The across-ply
torsional modulus for NARC HRHU is shown in Figure 5.4.2-3 to be lower than the
historical values at 70 and 2000°P, higher at 4500°F, and in-family at 350 and 1200°F.
5.5 Thermal Conductivity
Figures 5.5.-1 through 5.5.-5 compare thermal conductivities. The virgin warp
thermal conductivity of NARC HRHU is shown in Figure 5.5.-1 to be approximately
38% lower than the available AVPost data at 500°F. Little difference exists in the virgin
fill or across-ply thermal conductivities, with the NARC being slightly lower than the
Avtex material in the across-ply orientation. The virgin fill and across-ply thermal
conductivities are shown in Figures 5.5-2 and 5.5-3, respectively. High temperature
comparisons show the fill thermal conductivity of the NARC HRHU to be about 16%
below the Avtex data at 4500°F (Figure 5.5-4) while the across-ply conductivity is
approximately 31% lower than the available Avtex data (Figure 5.5-5).
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5.6 Thermal Expansion
Figures5.6-1through 5.6-5 show warp, fill, and across-ply thermal expansion
comparisons of the NARC HRHU to historical Avtex and NARC data.
The warp thermal expansion comparison shown in Figure 5.6-1 shows the
NARC HRHU to be very comparable to the AVPost material. The expansion difference
is greatest between the two materials from approximately 2000 to 3000°F. As the
temperature increases, however, the difference between the expansion values of the two
materials continues to decrease. At 4500°F very little difference exists between the
expansion values of the two materials.
The low temperature fill thermal expansion comparison, shown in Figure 5.6-
2, shows the expansion of the NARC HRHU to be higher than that of the Avtex
material up to 600°F. From 600 to approximately 1380°F, the expansion of the two
materials is very comparable with the Avtex being slightly higher. After 1400°F the
Avtex material has a more rapid shrinkage than the NARC HRHU and is
approximately 56% lower at 1800°F. The high temperature fill thermal expansion
comparison shown in Figure 5.6-3 reveals the NARC HRHU to be very comparable to
all historical data with the exception of the NARC HRHU evaluated under the D5
program.
The low temperature across-ply thermal expansions are shown in Figure 5.6-4.
The NARC HRHU exhibits higher peaks than the Avtex material but has a more rapid
shrinkage after lO00°F than the Avtex material. There is no Avtex data with which to
make high temperature across-ply thermal expansion comparisons. Comparisons
between the various NARC materials, however, show the NARC HRHU evaluated
under the Characterization effort to have the highest peak value at 1000°F and the
lowest value at 5000°F. Figure 5.6-5 shows this comparison.
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6.0 Conclusions
A general comparison of some selected properties between NARC HRHU's
and Avtex materials is given in Table 6.0-1. It was determined that the NARC HRHU is
equivalent to the Avtex materials. The NARC material had mechanical and thermal
properties which were consistent with those measured on current materials. Some
slight differences exist in the mechanical data but overall no remarkable variations were
apparent. The morphology of the NARC material is comparable to Avtex Restart. The
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Table 3.9.1-1. Warp Thermal Expansion of HRI-UJ Billet AAA-1




70 0 Specimen: CTE-W-I
100 0.24 Run No.: HOI7-137-HR
200 0.84 Initial Length: 2.9994 in.
300 1.57 Final Length: 2.9925 in.
400 2.28 Initial Weight: 3.5248 gm
450 2 22 Final Weight: 2.9151 gm
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Table 3.9.1-2. Warp Thermal Expansion of HRHU Billet AAA-2
Measured in Quartz Dilatometer
Specimen Thermal
Temp Expans ion
(°F) (10-3 in./in. )
Specimen: CTE-W-Z
Run No. : H017-134-HR
Initial Length: 2.9993 in.
Final Length: 2.9935 in.
Initial Weight: 3.525A gln
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Table 3.9.1-3. Warp Thermal Expansion of HRHU Billet AAA-3





70 0 Specimen: CTE-W-I
i00 0.29 Run No.: H017-144-HR
200 1.04 Initial Length: 3.0000 in.
300 1.74 Final Length: 2.9944 in.
400 2.53 Initial Weight: 3.5131 gm
450 2.62 Final Weigh=: 2.8341 gm
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Specimen: CTg-Warp-i AAA-2 ....
Run: I; Run No.: H144-54-182 K31
Inl_lal Length: 2.9934 in.
Final Length: 3.0635 in. --
Ragged symbols represent data
measured after room temperature
Craohite Dilatometer
Specimen: CTE-Warp-I
Run: i; Run No.: H144-53-177 CTE
Initial Length: 2.9938 in.
Final Length: 3.0673 in.
Specimen: CTE-_arp-I AAA-3
_un: I; Run No.: H14_-56-182 K3
Initial Length: 2.9942 in.
Final Length: 3.0543 in.
_ooo 2600 3600 _o'oo _obo
Temperature - °F
Figure 3.9.1-2. Warp Thermal Expansion of NARC HRHU (105°F/40% RH)
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Table 3.9.2-1. Fill Thermal Expansion of HRHU Billet AAA-2
Measured in Quartz Dilatometer
Specimen _ne rma 1
Temp Expansion
('F) (10-B in /in )
70 0 Specimen: CTE-F-I
i00 0 26 Run No.: HOIT-136-HR
200 1.04 Initial Langch: 2.9994 in.
300 1.82 Final Length: 2.9884 in.
400 2.61 Initial Weigh_: 3.5192 gm
A50 2.57 Final Weight: 2.7460 gm





















Table 3.9.2-2. Fill Thermal Expansion of HRI-Ud Billet AAA-3
























































24 Run No.: HOIT-130-HR
99 Initial Length: 3.0000 in.
74 Final Length: 2.9994 in.
73 Initial Weight: 3.5193 gln
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Run" I; Run No. : HOI7-136-HR
Initial Length: 2.9994 in.
Final Lengnh: 2.9884 in.
Den, lcy: 1.460 g/cm 3
• Specimen: CTE-FilI-I AAA-3
Run: I; Run No. : HOI7-130-HR
Initial Lensth: 3.0000 in.
Final Length: 2.9924 in.
Density: 1.455 g/cm _
o Specimen: CTE-FIII-I AAA -2
Run: I; Run No. : HI4A- 52-180 K3
Initial Length.' 2.9986 in.
Final Length: 3.0197 in.
Specimen:




p-_ Flagged symbols re_resent data ....... ', /
















• . . ! .....
Figure 3.9.2-2. Fill Thermal Expansion of NARC HRHU (105°F/40% RH)
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Table 3.9.3-1. Across-Ply Thermal Expansion of HRHU Billet AAA-1




70 0 Specimen: CTE-A/P-2
i00 0.46 Run No.: HOI7-126-HR
200 1.24 Initial Length: 0.9998 in.
300 2.57 Final Length: 0.9790 in.
400 4.21 Initial Weight: 1.1692 gm
450 6.62 Final Weight: 0.9280 gm






















Table 3.9.3-2. Across-Ply Thermal Expansion of HRHU Billet AAA-2




70 0 Specimen: CTE-A/P-3
i00 0.46 Run No.: H017-128-HR
200 1.94 Initial Length: 1.0000 in.
300 3.07 Final Length: 0.9808 in.
400 6.61 Initial Weigh_: 1.1687 gm
450 14.12 Final Weight: 0.9189 gm
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Table 3.9.3-5. Across-Ply Thermal Expansion of HRHU Billet AAA-1
Measured in Quartz Dilatometer (Wet)
Specimen Thermal
Temp Expans ion






















































Initial Length: 1.0010 in.
Final Length: 0.9855 in.
Initial Weight: 1.2107 gm
















Table 3.9.3-6. Across-Ply Thermal Expansion of HRHU Billet AAA-2




70 0 Specimen: CTE-A/P-1 (WET)
100 0.46 Run No.: H017-150-HR
200 2.04 Initial Length: 1.0016 in.
300 4.06 Final Length: 0.9868 in.
400 38.05 Initial Weigh_: 1.2107 Em
450 57.03 Final Weigh_: 0.9119 gm






















Table 3.9.3-7. Across-Ply Thermal Expansion of HRHU Billet A.AA-3




70 0 Specimen: CTE-A/P-1 (WET)
100 0.46 Run No.: HOI7-151-HR
200 2.04 Initial Length: 1.0011 in.
300 5.91 Final Length: 0.9888 in.
400 38.07 Initial Weight: 1.2052 gm
450 55.06 Final Weight: 0.9302 gm






















Table 3.9.3-8.Across-Ply Thermal Expansion of HRHU Billet 4582-0003




70 0 Specimen: CTE-A/P-I (DRY)
i00 0.36 Run No.: H017-142-HR
200 1.8A Initial Length: 0.9994 in.
300 2.87 Final Length: 0.9885 in.
400 5.91 Initial Weight: 1.1509 gm
450 12.12 Final Weight: 0.9381 gln






















Table 3.9.3-9. Across-Ply Thermal Expansion of HRHU Billet 4582-0003




..... ......................---------------- .... ...............------------
70 0 Specimen: CTE-A/P-2 (DRY)
i00 0.36 Run No.: HOI7-138-HR
200 1.84 Initial Length: 0.9992 in.
300 2.87 Final Length: 0.9888 in.
AO0 5.11 Initial Weight: 1.1597 gm
450 12.13 Final Weight: 0.9625 gm






















Table 3.9.3-10.Across-Ply Thermal Expansion of HRHU Billet AAA-2




70 0 Specimen: CTEoA/P-2 (DRY)
I00 0.31 Run No.: H017-140-HR
200 1.34 Initial Length: 0.9985 in.
300 2 57 Final Length: 0.9847 in.
400 4 22 Initial Weight: 1.1536 gm
450 7 13 Final Weight: 0.9023 gm




















































80 I L , 1 I _ . .........
• ! _gaohice Dilatometer .... _ .....
_IO Specimen: CTE-A/P-2 AAA-1 . . , "
( . Run: i; Run No. : H14a-56-182 K3 ....
60 ....."_ ' _ ' '
,. Initial tangth: 0.9798 in ....... .... ,ti i.
• , .i_, Final Length: 0 .9334 in. _
I i ir_ Specimen: CTE-A/P-3 AAA-2 ......
" Run: I; Run No. : Ela4-57-182 K3
[ • '.! Initial Length: 0. 9808 in.
40 .... • ............. Final Length: 0.9304 in. - "
" O_ir tz Dilatometer
• Specimen: CTE-A/P-2 AAA-I
Run: i; Run No. : H017-126-HR
": 20 • I ...... ...........
" " Initial Length: 0.9998 in.
,_ Final Length: 0.9790 in.
Density: 1.458 g/cm 3
Specimen: CTE-A/P- 3 AAA- 2
"_ f _ " Run:t 1; Run N°': H017"I28"_/Lc 0 " Inl lal Length: 1.00 0 in. " "
Final Length: 0.9898 in.
_L _ensity: I'456 g/cram





,. _ _1 .....
: [Z]_
- 6C ..... _ .............
Nagged symbols represent datameasured after room t mperature
i _.. . ..........
-i00 ......... '.......... + ............ "+-'- i ........
...... i .... J . . . . , .
• .I':', '.: "
i
i000 ' ' 2(700 30'00 40'00 50_)0
Temperature - °F
Figure 3.9.3-2. Across-Ply Thermal Expansion of NARC HRHU (105°F/40% RH)
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Average Dynamic Thermal Response of NARC HRHU in the Fill
Direction at 100 Btu/ftZ-sec
Hot Thermocouple Mid Thermocouple Cold Thermocouple





























































































Average Dynamic Thermal Response of NARC HRHU in the Fill








































































Average Dynamic Thermal Response of NARC HRHU in the Across-Ply



















































































Table 3.10-4. Average Dynamic Thermal Response of NARC HRHU in the Across-Ply









































































































































































































Table 3.11-1. Emmitance for NARC HRHU
Temperature ('F) Total Normal Emittance Specimen Run Number







































































































































































































AVERAGE 854 1318 12.7
312
Table 3.13-1. Maximum Moisture of NARC HRHU
Soaking in Deionized Water at: 120°F
DATE
27-Feb-91
SQRT. OF SPECI3,1EN WEIGHT
ELAPSED ELAPSED
TIME TIME A.AA-1 AAA-2 AAA-3
(h_) (h_l 1 2 3
0 0.00 0.5997 0.5937 0.6861
8.49 0.6936
12.00 0.6966




1656 40.69 0.6258 0.6177 0.7154
1800 42.43 0.6258 0.6177 0.7167
2208 46.99 0.6268 0.6201 0.7175
2328 48.25 0.6270 0.6198 0.7175
2568 50.68 0.6271 0.6202 0.7175
2712 52.08 0.6281 0.6217
2832 53.22 0.6274 0.6212
3000 54.77 0.6275 0.6211

















































































Table 3.13-2. Maximum Moisture of NARC HRHU
Drying in Vacuum Oven at 230°F
DATE
SQRT. OF SPECIMEN WEIGHT
ELAPSED ELAPSED
TIME TIME AAA-1 AAA-2 AAA-3





























0 0.00 0.6275 0.6211 0.6487
48 6.93 0.5897 0.5862 0.6125
72 8.49 0.5882 0.5826 0.6089
144 12.00 0.5806 0.5761 0.6028
192 13.86 0.5787 0.5742 0.6032
240 15.49 0.5776 0.5727 0.6022
336 18.33 0.5786 0.5738 0.5986
20.78 0.5983
504 22.45 0.5768 0.5716 0.5980
648 25.46 0.5770 0.5717 0.5974
26.38 0.5980
840 28.98 0.5758 0.5709 0.5979
1032 32.12 0.5759 0.5707
1224 34.99 0.5759 0.5707
1368 36.99 0.5760 0.5707
1656 40.69 0.5759 0.5707
PERCENT WEIGHT LOSS
0 0.00 0.00 0.00 0.00
48 " 6.93 6.41 5.95 5.91
72 8.49 7.23 6.61 6.54
144 12.00 8.08 7.81 7.61
192 13.86 8.43 8.17 7.54
240 15.49 8.64 8.45 7.72
336 18.33 8.45 8.24 8.37
20.78 8.42
504 22.45 8.79 8.66 8.48
648 25.46 8.75 8.64 8.59
26.38 8.48
840 28.98 8.98 8.79 8.50
1032 32.12 8.96 8.83
1224 34.99 8.96 8.83
1368 36.99 8.94 8.83





























































Table 3.14-1. Vo|atiJes Content of NA_RC HT(HU
Dried in Vacuum Oven at 230"F
_gT. OF SPECIMEN WEIGHT
_'I.APSED ELA_'D







28-Mar-91 696 26.38 2.9294
29.80
32.50
18-Apt-91 1200 34.64 2.8854
24-Apr-91 1344 36.66 18856
7-May-91 1656 40.69 2.8827
10-May-91 1728 41.57 2.8822
16-May-91 1872 43.27 2.8817
2.3-May-91 2040 45.17 18817
28-May-91 2160 46.48 2.88"20
5-Jun-91 2352 68.50 2.8813
10-Jun-91 2472 49.72 2.8822
19-Jun-91 2688 51.85 18802
26-Jun-91 _ 53.44 2.8802
3-Jul-91 3024 54.99 18791
9..Jul-91 3168 56.28 18785
16-Jul-91 3336 57.76 18790
24-Jul-91 3528 59.40 18771





































28-Mar-91 696 26.38 2.0.2 %23 3.20 3.20
29.80 3.19 3.19
32.5O
18-Apr-91 1200 34.64 3.69 3.74 3.38 3.60
24-Apr-91 1344 56.66 3.68 3.68 3.48 3.61
7-May-91 1656 40.69 3.78 3.79 3.59 3.7"2
10-May-91 1728 41.57 3.80 3.81 3.68 3.76
16.May-91 1872 43.27 3.82 3.80 3.67 3.76
23-May-91 2040 45.17 3.82 3.81 3.68 3.77
28-May-91 2160 46.48 3.81 3.80 3.67 3.76
5-Jun.-91 2352 48.50 3.83 3.83 3.83
10-Jun-91 2472 49.7"2 3.80 3.85 3.83
19-Jun-91 2688 51.85 3.87 3.87 3.87
26.Jtm-91 _ 53.44 3.87 3.87 3.87
3-Jub91 3024 54.99 3.90 3.90 3.90
9-Jui-9l 3168 56.28 3.92 3.92 3.92
16-Jut-91 3336 57.76 3.91 3.91 3.91
24-Jul-91 3528 59.40 3.97 3.99 3.98











































































































































NARC H RHU (DE'V) 23HRHU-1 A 0.0012 0.0010 0.0010 0.04 0.0(305 214
NARC HRHU (QUAL) AAA-1 0.0008 0,0006 00004 0.11 0,0010 103-4
AAA-2 0.0127 0.0006 0.0004 0.05 0.0008 855
AAA-3 0.0033 00003 0.0002 0.19 0.0003 648
NARC HRHU (DS) 9999-4453 0.0008 00003 0.0(300 0.04 0.0008 764
BILLET COEFFICIENT OF VARIATIONS
















NARC tIRHU (DEV) 2.3HRHU-1A 0.0835 0.5964 0.6033 1.3211 4.4111 1.2586
NARC HRHU (QUAL) AAA-1 0.0534 "0.3762 0.2734 4.3103 7.9510 6.0597
AAA-2 0.8662 0.37"32 0.2445 2.0330 6.3955 4.8319
AAA-3 0.2257 0.1597 0.1416 6.8051 2.6834 3,8423
NARC HRHU (D5) 9999-4453 0.0541 0.1826 0.0(X_ 1.4493 7.1305 4.5134
320




































23HRHU-1A 5 1.4716 0.1687 0.1681 1.0540 0.0271 10510
i
NARC HRHU (QUAL)
AAA-I 5 1.4666 0.I610 0.I600 0.6660 0.0301 10690
AAA-2 5 1.4696. 0.1623 0.1613 0.8220 o.o231 10684
AAA-3 5 1.4615 0.1623 0.1610 0.8800 0.0207 8892
NARC HRHU (OS)


















NARC HRHU (DEV) 23HRHU-IA 0.0016 0.000S 0.0003 0.1365 0.0020 1815
NARC HRHU (QUAL) AAA-1 0.0007 0.0004 0.0004 0.0737 0 0066 746
AAA-2 0.0012 0.0005 00004 0.0750 0.0057 1039
AAA-3 0.0032 0.0004 0.0003 0.0980 0.i3034 932
NARC HRH U (DS) 9999-4-453 0.001 7 O 1241 0.0321 0_,42 1493
BILLET COEFFICI ENT OF VARIATIONS
l
NARC HRHU (RSRM) AAA-2 0.0866 0.2551 0.3206 15.8626 119413 8 24-45 1
lAAA-3 0.2466 0.2640 0.3536 4.1077 10 0.418 2.3501
NARC HRHU (DEV) 2.3HRHU-IA 0.1097 0.3091 0.2000 12.9499 7.2700 'i7 2692
NARC HRHU (QUAL) AAA-I 00500 0.2500 0.2210 11.0o43 21.9068 0.9752
AAA-2 0.0837 03306 0.2496 9.1200 24.5.431 97?..39 /
AAA-3 0.2170 0.2160 0.1983 11.1340 10.3197 10 441o
N ARC H RHU (DS) 9999-4453 0,1169 0.4353 4.8218 13, 2408 19 1943
321



































































NARC HRHU (RSRM) AAA-2 0.0020 O.LKX)6 0.0005 0.2674 0,t.-_05 467
AAA-3
AAA-2 (194049) 0.0002 0.0003 0.0003 0.0643 0.0001 283
NARC HRHU (QUAL) AAA-I 0.0010 0.(XXY3 0.0002 0.1747 0.0005 242
AAA-2 0.0011 0.0002 0.0004 0.I 266 0.0014 170
NARC HRHU (DS) 9999.4453 0,000S 0.0006 0.0003 0.1250 0.0008 1060
BILLET COEFFICIENT OF VARIATIONS
NARC HRHU (RSRM) AAA-2 0.1363 0.3498 0.3255 18.2820 20.0245 14.8608
AAA-3
AAA-2 (194049) 0.0118 0.1865 0.1805 2.6170 7.8730 10.7518
NARC HRHU (QUAL) AAA-I 0.0674 0.1620 0,1104 11.3294 14.4855 72340
AAA-2 0.07S0 O. 1422 O. 217T 8. 5749 31. 9072 4, 5403














































































































































BILLET COEFF1CI ENT OF v A RI A'/ION:
NARC HRHU (RSRM) !AAA-1 0.0274 0.1144 0.1611 8.5880 9.4572 6.7953
AAA.2
AAA-3 0.0943 0.3473 0.2801 6.6575 75404 4.0729
N ARC HRHU (DEV) ZBHRHU- l 8 0.0670 0.0456 0.0456 2.347"2 4.0406 25641
NARC HRHU (QUAL) AAA-1 0.0048 0.1425 00956 2.4086 17.6777 16.7393
AAA-2 0.0096 0,0947 0.000O Z7066 0.000O 0,0811
AAA-3 0.3328 0.2363 0.1425 2.72.62 4,4194 2.7855
NARC HRHU (DS) 9999.4453 0.0157 0.1961 0.1143 0,2570 7,0696 4.6376
324
,,_j










































NARC HRPF (DS) f
9999-.4453 3 1.4718 0.1528 0.1516 0.18 0.0024 259
BILLET STANDARD DEVIATIONS
MARC HRPP (RSRM) AAA-I 0.0005 0.0001 0.0002 0.0500 0.0012 33
AA-A-2 0.(X.X_ 0,0(X_ 0.0000 0.0fKX) 0D000 o
AAA-3 0.0014 0.0006 0.0003 0.0435 0 0007 37
MARC tfRPF (OS) 9999-4453 0.0003 0.0002 0.0003 0.(}I 15 0.(Kl(ll 17
BILLET COEFFICIENT OF VARIATIONS
NARC HRPF (RSRM) AAA-I
AAA-2
AAA-3










23.5294 _ 10 03('/4






















































































BILLET COEFFICIENT OF VARIATIONS
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Figure 5.6-1. Warp Thermal Expansion Comparison of NARC HRHU to Historical FM5055 Materials
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1.0 IN'I_ODUCTION
This is the final reportto Thiokol Corporation on the work performed at SRI
under P.O. Number ORK008. This is Volume V (Characterization Effort) of the NARC
material evaluation series which covers the HRHF and HRPU verification testing.
1.1 Objective
The purpose of this effort was to perform verification testing on NARC
HRHF and HRPU in an attempt to provide comparisons of critical failure modes to
NARC HRPF and HRHU.
1.2 Material Description
The materials evaluated for this volume of the Characterization Effort was
FM5055 (HRPU) and MX4926 (HRHF). The HRPU material contains NARC Rayon
yams woven by Highland using a Rapier Loom. The rayon cloth was carbonized by
Polycarbon and the carbonized cloth was prepregged by U.S. Polymeric. The HRHF
material also contains NARC Rayon yarns woven by Highland using a Rapier Loom.
The rayon cloth was carbonized by Hitco and the carbonized cloth was prepregged by
Fiberite. The prepregs were laid up and cured at Thiokol Corporation. The code used
in this study for the material process is shown in Figure 1.2-1.
1.3 Test Matrix
The test matrix for this effort is shown in Table 1.3-1. Allmechanical
specimens designated to be tested in the temperature range of 250 to 1200_F were
conditioned at 105°F/40% RH for approximately three months (i.e., until their weights
stabilized). The data obtained from the Development and Qualification Efforts were
included with the results obtained from the Characterization Effort to provide a larger
statistical database. The RTG data for the HRHF and HRPU was not available at the
time of this writing. This data will be included in a later edition as soon as it is
available.
1.4 Specimen Preparation
An important part of the specimen preparation is individual specimen
identification. Each specimen is assigned a unique designation. Each specimen is then
stored in an appropriately marked envelope as soon as it is removed from the bulk part.
The envelope is labeled with the project number, specimen number, material type and
specimen location. By maintaining strict label requirements, the history of each
individual specimen can then be tracked through logbooks and through comments and
signatures written on the envelope.
The specimen identification system to be employed in this investigation is as
follows:
RS - F 1
L-_ Specimen Number







RTG - Restrained Thermal Growth
CTE - Thermal Expansion
CRA - Comparative Rod Apparatus
TGA - Thermal Gravimetric Analysis
MD - Moisture Diffusion
RC - Resin Content
VOL - Volatile Content
DNS - Double Notched Shear
RS - Roumanian Shear
v
1.5 Cutting Plans
The NARC based carbon phenolic materials used in the Characterization effort
were made in 16" x 15" x 3.5" billets. For each material, one billet and a quarter zone of
an SRM throat ring were received. The billet for HRHF was identified as BBB-3 (4997)
and the billet for HRPU was identified as AAA-6 (4997). The specimen blanks were
removed from the billets as illustrated in Figures 1.5-1 and 1.5-2.
2.0 TESTPROCEDURES
The procedures for the Characterization Effort tests are provided in the report
entitled "Carbon Phenolic Test Procedures for NARC Materials', report number SRI-




The dimensions and weights were determined on the fullv machined blanks in
order to obtain bulk densities. The mechanical evaluation tables include individual
densities for each specimen as well as the average density.
3.1.2 Velocity
The break and peak velocities were determined on the fully machined blanks
in the test orientation. These velocities are listed in the appropriate mechanical tables.
3.1.3 Radiographs
Radiographs were performed for all mechanical specimens. The radiographs




The material was microscopically investigated using a Nikon Epiphot stereo
microscope. Samples from each billet were impregnated and polished for the fill across-
ply and warp across-ply orientations.
Themicrographs,shownin Figures3.2.1-1through3.2.1-8,show very little
evidence of matrix or yam cracking and no pores, non-uniform ply spacing, or resin
rich zones. The HRHF is comparable to the HRHU in the sense that both materials
exhibit large amplitudes and crimp angles in the fill yarns while the warp yarns have
low amplitudes and crimp angles (straighter yarns), Materials carbonized by Hitco
typically exhibit this type of pattern. Likewise, the HRPU is comparable to the HRPF in
that both materials display balanced warp and fill crimp angles and amplitudes. Again,
this is typical behavior for materials carbonized by Polycarbon. The microscopic
evaluations are tabulated in Tables 3.2.1-1 and 3.2.1-2 for the fill across-ply and warp
across-ply orientations.
3.3 Tension (Warp, Fill, and Across-Ply)
3.3.1 Warp Tension
Warp tension evaluations were conducted at 70, 750, and 2000°F. Specimens
were loaded at a rate of 10 ksi/min. Elevated temperature runs were made at 10°F/sec.
Tables 3.3.1-1 through 3.3.1-3 show the individual results for the HRHF and Tables
3.3.1-4 through 3.3.1-6 show the individual results for the HRPU. These tables also
show the individual results from the Development and Qualification Efforts where
applicable. The data from all of the phases, unless noted in the tables, was used to
obtain the averages. Figures 3.3.1-1 through 3.3.1-9 display the warp tensile stress-
strain responses. Note that these figures also contain the data from the previous efforts.
Figures 3.3.1-1 through 3.3.1-3 show a comparison of the average ultimate
strength, ultimate strain, and initial elastic modulus, respectively, at the various test
temperatures for both HRHF and HRPU. The individual stress-strain responses are
shown in Figures 3.3.1-4 through 3.3.1-9. These evaluations show good groupings at all
temperatures.
3.3.2 Fill Tension
Fill tensile evaluations were conducted at RT, 750, 2000, 3500, and 4500°F.
Specimens were loaded at a rate of 10 ksi/rnin and all elevated temperature runs were
made at 10°F/sec. The results are tabulated in Tables 3.3.2-1 through 3.3.2-5 for the
HRHF and Tables 3.3.2-6 through 3.3.2-10 for the HRPU. The results are plotted in
Figures 3.3.2-1through 3.3.2-13.The data from the previous efforts,where available,is
alsoincluded in these tablesand figures.Figure3.3.2-14gives the key to the failure
modes found in the tables.
The average ultimatestrengths,ultimatestrains,and initialelasticmoduli for
the various testtemperatures forHRHF and HRPU areplottedm Figures 3.3.2-I
through 3.3.2-3.Figures3.3.2-4through 3.3.2-13show the individualstress-strain
responses. At 2000°F,a noticeabledifferenceexistsbetween the HRHF evaluated under
thiseffortand the HRHF evaluated under theQualificationeffort.This differenceis
alsonoticeableinthe HRPU data.
3.3.3 Across-Ply Tension
The across-plytensilevaluationswere conducted atRT, 350,500,750,1200,
2000,3500, and 4500°F. The across-plyspecimens were loaded ata rateofI ksi/mm
and, where applicable,heated at1°F/sec, The heatingand load ratewere chosen to
reduce internalpressuresgenerated during heatup. The resultsare tabulatedinTables
3.3.3-1through 3.3.3-8forHRHF and 3.3.3-9through 3.3.3-16forHRPU and plottedin
Figures3.3.3-Ithrough 3.3.3-19.The data from the previous effortsare included where
available.
Figures 3.3.3-1 through 3.3.3-3 show the average ultimate strengths, ultimate
strains, and initial elastic moduli for the across-ply tensile evaluations of HRHF and
HRPU at the various test temperatures. The individual evaluations are shown m
Figures 3.3.3-4 through 3.3.3-19. These evaluations show good groupings with some
scatter in the data at 500°F.
3.4 Double-Notch Shear
Double notch shear (DNS) tests were conducted at RT, 350, 750, and 2000°F.
The tests were conducted with a loading rate of I ksi/rain and, when applicable, a
heating rate of l°F/sec. The nature of the test allows only for the determination of
ultimate stress data. The results are tabulated in Tables 3.4-1 through 3.4-4 for HRHF
and 3.4.1-5 through 3.4.1-8 for HRPU. The results are plotted in Figures 3.4-1 and 3.4-2.
These figures show some scatter in the data at room temperature but fairly good
grouping at the remaining temperatures. The key to the failure modes is given in
Figure 3.4-3.
3.5 Thermal Expansion (Fill, and Across-Ply)
The thermal expansion of NARC HRHF and HRPU was measured in the
and across-ply directions. The quartz dilatometer was used for tests to 1500°F and the
graphite dilatometer was used for tests up to 5000°F. Thermal expansion tests were
conducted on specimens conditioned at 105°F/40% RH (as-received). All specimens
were heated at 10°F/sec.
3.5.1 Fill Thermal Expansion
Figures 3.5.1-1 and 3.5.1-2 show the fill unit thermal expansion of two 1/4"
diameter specimens for the HRHF and HRPU, respectively, as measured in the quartz
dilatometer. The fiU specimens initially expanded until reaching 400°F. The expansion
of the HRHF specimens leveled off until approximately 1000°F where they began
shrinking slowly back to zero expansion. The HRPU specimens exhibited a more rapid
shrinkage after 400°F before leveling off at approximately 650°F. After 1000°F, the
HRPU specimens also began shrinking slowly back to zero expansion. Figures 3.5.1-3
and 3.5.14 show the response of the same two specimens run in the graphite
dflatometer, overlaid with the quartz data. The shrinkage continues for both materials
to approximately 20000F. After 2000°F the thermal expansion began increasing. At
5000°F the expansion of the HRHF was continuing to increase whereas the expansion of
the HRPU had leveled off at approximately 4500°F. Tables 3.5.1-1 through 3.5.1-6 show
the raw recorded data.
3.5.2 Across-Ply Thermal Expansion
Figures 3.5.2-1 and 3.5.2-2 show the across-ply thermal expansion results
obtained after testing in the quartz dilatometer for the HRHF and HRPU. Both
materials exhibited an initial peak, understandably due to water and volatiles. The
initial peak of the HRPU, however, was approximately 35% higher than the initial peak
of the HRHF. The second peak (due to expanding pyrolysis gases) of the HRPU
specimens was approximately 62 x 10-3 in./in, while the HRHF specimens peaked at
approximately 51 x 10 -3 in./in. The graphite facili_ data obtained shows rapid
shrinkageoccurringafter1000°Ffor bothmaterials. At 5000*Ftheshrinkageof the
HRPUwasapproximately129%greaterthan theHRHF shrinkage.
4.0 COMPARISONS TO HRPF AND HRHU
This section will compare the mechanical properties of the Characterization
effort NARC HRHF and HRPU to the NARC HRPF and HRHU materials.
4.1 Tension (Warp, Fill, and Across-Ply)
4.1.1 Warp Tension
Average warp tensile ultimate stress, ultimate strain, and initial elastic
modulus comparisons are shown in Figures 4.1.1-1 through 4.1.1-3, respectively. The
HRHF appears to have equivalent or shghfly better stress and modulus values than the
HRHU but lower strain capabilities. The HRPU appears to have overall better or
equivalent warp properties than the HRPF. As can be seen from these figures, there is
no significant separation of data by carbonizer or prepregger. The results are tabulated
in Table 4.1.1-1.
4.1.2 Fill Tension
The fill tensile average comparisons are shown in Figures 4.1.2-1 through
4.1.2-3. Again, there is no distinct separation of data by carbonizer or prepregger.
Overall, the HRHF appears to have equivalent stress and strain capabilities to the
HRHU but better modulus values. The HRPU appears to be equivalent to the HRPF in
all fill tensile properties with the exception of the modulus at 3500"F. At this
temperature, the HRPU modulus is approximately 145% higher than the HRPF
modulus. The results are tabulated in Table 4.1.2-1.
4.1.3 Across-ply Tension
The across-ply tensile comparisons are shown in Figures 4.1.3-1 through
4.1.3-3. On the whole, these figures show tight groupings between all four materials
with the exception of some scatter in the strain data at 4500°F. The HRHF appears to
have equivalent or slightly better across-ply properties than the HRHU. The HRPU has
equivalent stress and modulus values to the HRPF but shghtly lower strain capabilities.
Table 4.1.3-1 contains the tabulated values.
4.2 Correlation to Crimp Angle
A relationship between the yam crimp angle and the maximum load per yam
is displayed in Figure 4.2-1. At room temperature and 750°F this relationship is
expressed by a straight line showing the crimp angle to be inversely proportional to the
maximum yarn load. At 2500°F, where the matrix is very inelastic, stress
concentrations at the bend of the crimp angle are reduced due to the lowered matrix
support of yams. The result is a reduced effect of crimp angle at elevated temperatures.
The materials fail into three distinct groupings by carbonizer; Hitco fi/I,
Polycarbon, and Hitco warp. These groupings show the materials carbonized by Hitco
with low crimp angles (warp tension) have the highest load per yarn at failure while the
materials which have high crimp angles (flU tension) yield the lowest loads per yarn at
failure. Typical/y, the materials carbonized by Polycarbon, with nearly balanced crimp
angles, yield loads per yarn between the extremes of the Hitco materials. As shown, the
NARC HRHF evaluated under this effort fol_ows the trend. The warp orientation of the
NARC HRPU, however, is shown to be comparable to the Hitco warp orientation.
4.3.1 Double-Notch Shear
The double-notch shear ultimate stress comparisons are shown graphically in
Figure 4.3.1-1. This figure shows some scatter between the four materials at 70 and
350°F but fairly tight grouping at 750 and 2000°F. At 750 and 2000°F the HRHF is
comparable to the HRPF while the HRPU is shown to be almost identical to the HRHU.
Table 4.3.1-1 contains the tabulated data.
5.0 Conclusions
The NARC HRHF appears to have equivalent in-plane properties to the
NARC HRHU and equivalent or better across-ply properties. Comparisons between
the HRHF and HRPF reveal the HRHF to have slightly better in-plane properties while
the across-ply properties appear to be generally equivalent.
The HRPU is found to have equivalent or better in-plane properties than the
HRPF and equivalent or lower across-ply properties. Comparisons between the HRPU
and HRHU on the whole show the two materials to be equivalent in in-plane and
across-ply properties. Crimp angle analysis reveals the warp-oriented HRPU evaluated
under this effort to be more in-family with Hitco carbonized materials m terms of load
per yarn. This is due to the fact that the HRPU has an uncharacteristically low warp
crimp angle for a Polycarbon carbonized material.
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P - PLY FAILURE
ST(I)- STEP TEAR FAILURE
T--
T--
I = NUMBER OF TEARS IN GAGE
DP = FAILURE ALONG TWO OPPOSING
PLIES WITH I TEAR THROUGH
GAGE.








ET = APPROXIMATE LENGTH


























































































































o Specimen: CTE-FIII-I o
Run: l; Run No.: H230-66-HR
Initial Length: 2.9990 in.
Final Length: 2.9896 in.




Run: i; Run No.: HI44-61-182K3
Initial Length: 2.9896 in.
Final Length: 3.0159 in.
Density: 1.184 g/cm a
O Specimen: CTE-FIII-2 o Specimen: CTE-FilI-2
Run: i: Run No.: H230-67-HR Run: i; Run No.: HI44-62-177CTE
Initial Length: 2.9990 in. Initial Length: 2.9903 in.
Final Length: 2.9990 in. Final Length: in.





Flagged symbols represent data
measured after room temperature
i 1
tOoo 2000 3000 4000 5000
Temperature - °F
















Initial Length: 2.9993 in.
Final Length: 2.9900 in.
Density: 1.4524 8/cm _
Specimen: CTE-FIII-2
Run No.: H230-74-HR
Initial Length: 2.9992 in.
Final Length: 2.9907 in.
Densiny: 1.4522 g/cm 3
Specimen: CTE-FIII-I
Run No.: HI44-64-177-CTE
Initial Length: 2.9900 in.







Initial Length: 2.9905 in.
Final Length: 3.0295 in.
_'Flagged symbols represent data







D I000 2000 3000 4000 5000
Temperature - °F
Fill Thermal Exnansion of NARC HRPU Data Ceneration Haterial
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Run: I; Run No.: H230-63-HR
Initial Length: 0.9997 in.
Final Length: 0.9926 in.
Density: 1.453 g/cm 3
i Speclmen: CTE-A/P-2
Run: I; Run No.: H230-64-HR
Initial Length: 0.9997 in.
Final Length: 0.9906 in.
Density: 1.453 g/cm 3
O
Specimen: CTE-A/P-3
Run: i; Run No.: H230-65-HR
Initial Length: 0.9995 in.
Final Length: 0.9896 in.
Density: 1.454 g/cm 3
Specimen: CTE-A/P-I
Run: I; Run No.: H144-59-182 K3
Initial Length: 0.9926 in.
Final Length: 0.9517 in.
Density: 1.222 g/cm 3
Flagged symbols represent data





Run: I, Run No.: H144-63-182 K3
Initial Length: 0.9918 in.
Final Length:
Density: I.I00 g/cm I
O Specimen: CTE-A/P-3
Run: I, Run No.: H144-60-177 CTE
Initial Length: 0.9900 in.
Final Length: 0.9500 in.
Density: 1.151 g/cm 3
4_00 _doo 5000
Temperature - °F














Run No. : HI44-65-182-K3
Initial Length: 0.9733 in.
Final Length: 0.9103 in.
O Specimen: CTE-A/P-2
Run No.: HI44-67-182-K3
Initial Length: 0.9738 in.
Final Length: 0.9118 in.
O Specimen: CTE-A/P-1
Run No.: H230-72-HR
Initial Length: 0.9996 in.
Final Length: 0.9733 in.
Density: 1.4555 g/cm _
• Specimen: CTE-A/P-2
I I Run No.: H230-70-HR
_ Initial Length: 0.9996 in.
Final Length: 0.9739 in.
Density: 1.4534 g/em _
_ _Specimen: CTE-A/P-3I _ Run No.: H230-71-HR
Initial Length: 0.9997 in.
Final Length: 0.9711 in.




'" .E_. Initial Length: 0.9718 in.







_ Flagged symbois represent datameasured after cooling to room
temperature
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